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ABSTRACT 
A theoretical and laboratory investigation was made of antidunes 
and associated stationary waves. The objectives were to determine the 
factors inv6lved in the formation of antidunes, the characteristics of the 
stationary waves, and the effects of antidunes and waves on the friction 
factor and sediment transport capacity of streams. 
In the potential flow solution for flow over a wavy bed i t  was 
hypothesized that the flow shapes the erodible sand bed by scour and 
deposition to conform to a streamline of the flow configuration for which 
the energy is a minimum. Under this hypothesis, flow over antidunes 
is the same a s  the segment of flow above an intermediate streamline of 
the fluid motion associated with stationary gravity waves (waves with 
celerity equal and opposite to the flow velocity) in a fluid of infinite depth. 
For a velocity V the wave length, L, i s  given by 
and waves break when their height reaches 0.142 L. Laboratory and 
field data for two-dimensional stationary waves and antidunes confirmed 
these relations. For the same velocity, short-crested, three-dimensional 
waves (rooster tails) have shorter wave lengths than two -dimensional 
waves. 
Forty-three experimental runs in laboratory flumes were made 
for different depths and velocities and bed sands of two different sizes 
10,549 mm and 0.233 mm). No general criterion for the formation of 
antidunes or the occurrence of breaking waves could be formulated 
because of inadequate knowledge. of the complex sediment transport 
phenomenon. Qualitatively, i t  was found that for a given sand, the critical 
Froude number for the occurrence of breaking waves decreased as the 
depth was increased. Over a certain range of depth and velocity i t  was 
found that the flow formed waves and antidunes or was uniform depending 
on whether or  not the flow was disturbed to form an initial wave. Waves 
that did not break had no measurable effect on the transport capacity or 
friction factor, but breaking waves increased both of these quantities. 
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CHAPTER 1 
INTRODUCTIGN 
1 - 1. Stationary Waves and Antidune s in Alluvial Channels -
Water flowing over a sand bed interacts with the bed in various 
ways with the result that several different types of bed configurations are 
observed in alluvial channels. The nature of the interaction and the 
resulting bed configuration depend on the depth and velocity of flow, the 
characteristics of the sand, and, in some cases, the temp-trature of the 
water. When the flow velocity i s  great enough to move the :ndividual 
sand grains, but smaller than another limiting value which wi l l  be 
discussed presently, the bed i s  deformed into irregular features called 
dunes ox ripples which are  familiar to everyone who has ever looked 
closely at a bed of an alluvial stream, or wind-blown sand or  snow. The 
salient features of dunes a re  their arrangement, size, and shape which 
may be quite irregular for the individual dunes but regular in the 
statistical sense; their movement, which i s  almost always in the direction 
of flow; and the flow separation which frequently occurs at the downstream 
edge of each dune. 
When the velocity i s  increased until the Froude number (based on 
the mean depth of flow) approaches unity, the water surf ace becomes 
somewhat unstable, and even very small disturbances give rise to 
stationary surface waves. If dunes are  still present, the dunes interact 
with the water surface and a stationary surface wave is formed above 
each dune, a s  shown in figure 1-1. 
For most sand siaes there exists a limiting value of velocity 
above which the dunes disappear and the bed becomes flat. The velocity 
at  which this occurs depends on the depth of flow and the characteristics 
of the sand. If the character of the sand i s  such that the bed has 
achieved the flat configuration when surface waves occur, the perturbation 
velocities associated with the waves will act on the bed to form regular, 
two-dimensional waves of sand as  shown in figure 1-2. Successive sand 
waves are  generated from a flat bed and form trains of three or more 
waves which grow in amplitude and often become so high that the surface 
Fig. 1 -1. Side view of flow over dunes which 
interact  with the f r e e  surface.  Run 5-3, flow 
depth = 0.245 f t ,  mean velocity = 2. 18 f t /sec,  
Froude number = 0. 77 ,  wave length = 1.00 ft ,  
mean sand s ize = 0.549 mm.  Flow f rom left 
to right. 
Fig.  1-2. Side view of flow over a wavy sand 
bed. Note breaking wave at  right. Run 5 -14, 
flow depth = 0.  123 ft ,  mean velocity = 4. 65 
f t /sec,  Froude number = 2.34, wave length 
= 2.65 ft ,  mean sand s ize  = 0.549 mm.  Flow 
f rom left to  right. 
waves break, a s  illustrated by the wave at the right in figure 1-2. The 
agitation accompanying the wave breaking usually obliterates the sand 
waves and the bed again becomes flat. The cycle of wave initiation, 
growth, and breaking is then repeated, each cycle taking about one to 
three minutes in the laboratory flume depending on the character of 
the sand and the flow parameters. The sand waves will often 
spontaneously diminish in amplitude and the bed and water surface will 
again become flat without the surface waves having broken. 
The two types of bed features just described which strongly inter- 
act with the f ree  surface a r e  called antidunes. Antidunes a r e  here de- 
fined as any disturbances on the bed of an alluvial channel which a re  
periodic o r  nearly so, and which a re  strongly coupled with stationary 
free-surface waves. Under this definition, dunes a r e  a type of antidune 
when they interact with the f ree  surface, as  in figure 1-1. The surface 
water waves which form above antidunes a r e  called stationary waves* 
because they move very slowly if at all, 
Antidune s and stationary waves a r e  frequently observed in natural 
alluvial r ivers  and streams.  They a re  most common in steep streams 
which ca r ry  large loads of sediment. In the las t  60 years, numerous 
field, laboratory, and theoretical studies have been made of the 
mechanics of alluvial s t reams with dunes and flat beds and the understand- 
ing of their behavior has steadily improved, However, no comprehensive 
study has been made of antidunes and their effects on channel roughness 
and the sediment transport capacity of streams.  
Antidunes and stationary waves in alluvial channels and their 
occurrence, behavior, and effects constitute the subject of this investi - 
gation. They will be more fully described in the next section which 
* The surface waves accompanying 8atrltidun&e ,have k e n  &led atanding 
waves by other authors (1, 2,3). However, by usage, the term standing 
wave has come to be associated with surface waves which a re  not propa- 
gated and whose surface elevation i s  harmonic in time at a fixed location 
(4), although Milne -Thornson (5) uses both terms in connection with this 
phenomenon. Such waves accompany surface disturbances in closed 
basins. The surface waves accompanying antidunes will be called station- 
a ry  waves by this writer since this term describes them more precisely. 
quotes several historical descriptions of the phenomenon. 
1-2. Historical Background 
Apparently the f i r s t  description of antidunes published in English 
was presented by Cornish (6) in 1899. In a paper presented before the 
Royal Geographical Society, Cornish proposed the name ttkumatalogy't 
for the study of waves and wave-structures of the atmosphere, hydro- 
sphere, and lithosphere. Cornish felt that i t  would be advantageous to 
group all wave phenomena together and treat  them a s  a single subject. 
In describing the behavior of s t reams "which plough their way through 
sand beaches to the sea", Cornish observed that such streams often had 
surface waves, He then went on to describe the waves a s  follows: 
The water -wave was really controlled by a submerged sand- 
wave, the up-stream flank of which was exposed to a heavy 
shower of sand from the turbid water. The stream being 
shallow and i ts  surface in waves, the c res t  of the water- 
wave was pushed up-stream as the up-stream flank of the 
sand-wave received additions of material. The scour of 
the water was thereby deflected, and the lee slope of the 
sand -hill moved up - stream, although every particle of 
sand and every particle of water travelled down-stream. 
(pp. 625 -626) 
Cornish presented a photograph of stationary waves in  a stream and a 
sketch which illustrated his description of the mechanism of upstream 
movement. 
In 1908 while discussing a paper presented by Owens (7), also 
before the Royal Geographical Society, Cornish presented his observa- 
tions "made in streams in which the ordinary o r  best -known ripples had 
been replaced by those which move upstreamU(p. 421). In reply to 
Cornish, Owens stated that he too had observed the same type of stream 
behavior and gave a detailed description of these "peculiar sand-waves". 
The f i rs t  description of the antidune regime of flow in the 
American literature was given by Murphy (8) in 1910. Murphy worked 
with G. K. Gilbert during the course of the laboratory investigation 
which was reported by Gilbert (9) in 1914. The project was sponsored 
by the U. S. Geological Survey and carr ied out at the University of 
California a t  Berkeley from 1907 to 1909. While the investigation was 
still in progress, Murphy published several short articles which reported 
some of the findings of the Berkeley investigation*. He presented the 
following description of the disappearance of dunes and the appearance 
and behavior of sand waves: 
The form of the dunes became less  distinct and at a little 
greater velocity they disappeared, leaving the sand surface 
even and the water surface above i t  waveless. This con- 
dition of waveless surface flow continued while the sand 
slope increased from about 0.9% to 1.6% . .. . . For 
higher slopes the sand surface formed into waves. These 
waves were from 2 to 3 ft in length from crest  to crest, 
extended the width of the trough and some were - 0 5  ft in 
height from crest  to trough of wave. . . . These sand 
waves travel slowly upstream, the sand being scoured 
from the down-stream face.. .and deposited on the up- 
stream face (of the next wave) . . . . Some of these waves 
remain for two minutes but generally not longer than one 
minute. The velocity i s  greater in the wave trough than in 
the vicinity of the crest  and the motion of the grains at the 
crest  is very complex, some of them jumping almost to the 
surface. (p. 580) 
It remained for Gilbert (9) to call the sand waves which move up- 
stream antidunes "because they a re  contrasted with dunes in their 
direction of movement; they travel against the current instead of with 
it" (p. 31). Gilbert presented a description of antidunes and stationary 
waves which contained the essential elements of the s c c ~ m t s  presented 
by Cornish, Owens, and Murphy. He then went further and described 
some details which had not been previously reported: 
Not only i s  a row of antidunes a rhythm in itself, but i t  
p e s  through a rhythmic fluctuation in activity, either 
oscillating about a mean condition or else developing 
paroxysmally on a plane stream bed and then slowly de - 
dining. Paroxysmal increase starts at the downstream 
end of a row and travels upstream, gaining in force for a 
time, and the climax i s  accompanied by a combing of wave 
crests. (p. 32) 
*Actually, a large part of the laboratory investigation was carried out 
by Murphy. Gilbert became ill while the investigation was in progress 
and was forced to withdraw from it. Murphy prepared a preliminary 
report on the investigation and i s  credited with many of the conclusions. 
However, Gilbert published the final report. 
Further on, quoting Murphy directly*, Gilbert gave the f i r s t  complete 
description of the breaking of the stationary waves: 
A white cap forms on the surface of the water when the 
larger waves disappear. Sometimes, two o r  more will 
disappear at once and leave the surface without waves for 
a distance of 10 feet o r  more. (p. 32) 
In describing the "rhythm in the flow of water ", Gilbert again spoke of 
the wave breakings a s  occurring when "a master  wave, with curling 
crest ,  rushes through the trough from end to end" (p. 243). 
Gilbert went on to explain the formation of antidunes a s  occurring 
when 
the restraint  (due to the bed and water surface) is over- 
powered, and a diversified but systematic arrangement of 
flow lines develops, which car r ies  with it  systematic 
diversity of both water surface and channel bed and gives 
the antidune phase (p. 34). 
The argument is not a t  all clear. Further on (p, 243) he elaborated on 
the mechanism involved in the formation and growth of the antidunes and 
the breaking of the stationary waves, but did not clarify his argument 
appreciably. Gilbert was quite intrigued with the "rhythm in the flaw 
of water" and believed that antidunes were subject to analytical treatment, 
but did not pursue such a treatment because it was not within the scope of 
his investigation. 
With the publishing of Gilbert's work, workers in the field of 
river hydraulics became more conscious of the different regimes of 
river flow and descriptions of the behavior of natural s t reams started 
appearing more frequently. An example of such a descriptionof the 
antidune regime of flow is found in a paper presented by Pierce (10) in 
191 6 in  which he reported on the behavior of the San Juan River near 
Bluff, Utah: 
Only on heavily loaded silt s t reams is .  . . antidune move - 
ment seen a t  i t s  best. The visible surface effect of this 
collective movement is commonly known as the "sand 
-- - -- - - - - 
* Gilbert did not cite the work of Murphy which he quoted. It was 
probably the preliminary report  which Murphy prepared. 
wave". * In appearance the sand waves much resemble the 
waves thrown up by a stern-wheel river steambos-t. On 
the wide, shallow sections of San Juan River sand waves 
may usually be seen below the riffles a t  medium stages. 
In the deeper sections they appear a t  their best tevelop- 
ment on rapidly rising stages , . . . The usual .length of 
the sand waves, crest  to crest, on the deeper sections of 
the river is  15 to 20 feet, and the height, trough to crest, 
is  about 3 feet. However, waves of a height of at least 6 
feet were observed. The sand waves a r e  not costinuous, but 
follow a rhythmic movement, Their appearance as  seen on 
the lower San Juan is as follows: At one moment i-he stream 
is running smoothly for a distance of perhaps several 
hundred yards, Then suddenly a number of waves, usually 
from 6 to 10, appear, They reach their full size in a few 
seconds, flow for perhaps two or three minute&, then 
suddenly disappear. Often, fox perhaps a m i n ~ t e  before 
disappearing, the crests of the waves go through a combing 
movement, accompanied by a roaring sound. On f i r s t  
appearance, i t  seems that the wave forms occupy fixed 
position, but by watching them closely, it is seen that they 
rmve slowly upstream. In the narrow parts of the stream 
the waves may reach nearly the width of the river, but i n  
the wider parts, they occupy smaller proportionlal widths, 
Usually they a re  at right angles to the axis of the stream, 
but a t  some places, particularly in the wider parts of the 
river, they may suddenly assume a diagonal position, 
moving rather rapidly across the stream in the direction 
toward which the upstream side of the wave has turned. 
(pp- 42, 43) 
Pierce's description of the antidune phenomenon is quite accurate. 
The first  attempt a t  an analytical t r  eatrnent of anticiunes was made 
by Langbein ( I I) in 1942. By applying dimensional analysis to the 
results of Gilbert's experiments, he delineated the transitions from 
dunes to flat bed and from flat bed to antidunes on a plot of Froude 
number (based on hydraulic radius) versus the product of velocity and 
hydraulic radius, A different relation was obtained for three of the 
different sands used by Gilbert, Langbein's criterion will be discussed 
in section 5-4. He was also the f i rs t  to point out that there i s  some 
disagreement on the rate and direction of movement of antidunes, 
In the past Sew years various laboratory investigators ( I ,  12) 
- - -  - -- - 
* Pierce referred to the surface wave as  a"sand wave", This i s  some- 
what confusing since the term sand wave i s  also associated with the 
waves of sand on the bed. In this work, the term sand wave has the 
latter meaning. The surface water waves a re  called stationary waves. 
have observed antidunes in laboratory flumes and pre seated qualitative 
descriptions of their occurrence and behavior. However, no quantitative 
data were collected because the highly unsteady nature of the flow made 
the depth and velocity difficult to measure. Recently Simons and 
Richardson (3) have presented the f i r s t  r e  sults of an extensive laboratory 
investigation which included al l  regimes of flow in alluvial channels 
from no sand movement through antidunes. Five of the forty-five runs 
they reported were in the antidune regime. Their results represent the 
f i rs t  quantitative data on antidunes to appear in the American literature 
since Gilbert (9) published his results in 1914. 
1-3. Purpose and Scope of this Investigation 
The purpose of this investigation was to conduct a theoretical and 
laboratory study of the occurrence and behavior of antidunes and the 
stationary waves which accompany them, and their effects on the 
friction factor and sediment transport capacity of the flow. The 
theoretical study was concerned with an analysis of the stationary waves 
which form and their interaction with the sand bed. The laboratory r e -  
search consisted of 30 runs in a recirculating flume 10.5 inches wide 
and 40 feet long, and 13 runs in a recirculating flume 33.5 inches wide 
and 60 feet  long. Two different sands were used for the experiments. 
In each run, equilibrium flow was established over a bed of sand and 
the flow depth, water discharge, energy grade line slope, and mean 
sediment concentration in the flow were measured. The depth of flow 
ranged from 0.074 to 0. 356 feet and the velocity was varied to give a 
Froude number range of about 0.75 to 2.25.  
In chapter 2, the theoretical study of the problem i s  presented. 
Chapter 3 describes the apparatus, procedure, and sand used and 
discusses the analysis of laboratory data. In chapter 4 the experi- 
mental data a r e  presented along with descriptions of the various bed 
and water surface configurations which were observed. The fifth 
chapter explains some of the experimental observations, compares the 
theoretical and experimental results,  discusses Langbein's criterion, 
and presents the limited amount of data which i s  available from natural 
streams. The results a r e  summarized in chapter 6. 
Symbols will be defined where they f i r s t  appear and a r e  summa- 
rized in the appendix. Tables, figures, and equations are numbered 
separately for each chapter; the number before the dash denotes the 
chapter and the number following the dash gives the number of the item 
in the chapter. The reference numbers used in the text refer to the 
numbered items in the reference l ist which follows the appendix. 
CHAPTER 2 
ANALYTICAL CONSIDER ATIONS 
Water flowing over antidune s has two deformable interfaces : 
one with air at  the free surface and one with sand at the bed. A mathe- 
matical model describing the flow must satisfy four boundary conditions: 
the dynamic condition at  the free surface (constant pressure); kinematic 
conditions at both surfaces (velocity tangent to interface); and continuity 
of sand motion. The last condition introduces the relation between the 
flow parameters and transport characteristics of the sand. The first  
three of these boundary conditions are  nonlinear and the fourth cannot 
now be rigorously formulated since the physical law relating the move- 
ments of the sand and water is unknown. 
In his 1956 survey of the problem of wind generation of water 
waves, Ursell (13) opens with the statement that "wind blowing over a 
water surface generates waves in the water by a physical process which 
cannot be regarded as known" and concludes that "the present state of 
our knowledge is profoundly unsatisfactory1'. Such is the case in a 
problern in which there is only one interface and the laws governing the 
motion of the fluids on either side of the interface are  known and can be 
expressed mathematically a s  the Navier-Stokes equations. In the problem 
at hand there a r e  two strongly coupled interfaces, and neither the laws 
governing the interaction of the water and sand nor the laws governing 
the motion of the sand a r e  known. Therefore i t  would be most optimistic 
to expect a complete solution to be forthcoming. 
In this chapter the equations governing the flow over a wavy, 
deformable bed will be formulated and the special case of a fixed wavy 
bed will be solved. This solution together with physical arguments will 
be used to deduce the relation between the flow velocity and the wave 
length of the surface waves and antidunes. The breaking of stationary 
waves, and the movement of antidunes will be then analyzed. Finally, 
the velocity -wave length relation will be considered for stationary waves 
and antidunes which are  not of the two-dimensional form. 
In the analytical considerations of waves presented in this 
investigation, linearized formulations will be used. Thus the perturbation 
velocities will be considered small compared to the flow velocity, so the 
nonlinear terms can be neglected, and the boundary conditions will be 
satisfied on the undisturbed positions of the interfaces. 
2 1 .  Equations of Flow over a Deformable Wavy Bed 
The motion of the fluid will be treated a s  irrotational. Then the 
velocity, , can be expressed as the gradient of a potential function, $8 
- 
q = grad g. (2-1) 
Since the fluid i s  incompressible, the divergence of ?f is zero and hence 
div grad $ = 0 ( 2 - 2 )  
is the equation which must be satisfied in the region -dsy,<O, where 
y is the vertical coordinate, with y = 0 being the mean water surface, 
and d i s  the mean depth (see figure 2-1). 
, 
Fig. 2-1. Definition sketch of flow over a wavy bed. 
It will be convenient to divide into two parts,  
p/ = v x t y  
where 
= potential function for the perturbation velocities 
V = meam velocity = Q 
d 
q = water discharge per unit width of stream 
d = mean depth. 
The potential function 9 must also satisfy equation 2-2. 
The profiles of the wavy bed and free surface will be denoted by 
q (x, t) and 6 (x, t) respectively. The kinematic boundary condition at 
the free surface i s  
and the dynamic condition (Bernoulli's equation) 
gt, +.a, (x,O,t) 4- vji X (x.O,t) 
where the subscripts denote partial differentiation and g i s  the gravi- 
tational constant. The kinematic condition a t  the sand bed i s  
- 
v q x  + qt = vy(x ,  -dl t)* (2 -6 )  
The remaining condition involves the continuity equation for the sand 
transport, 
where 
G!x) = 1~rcal rate of sedirr?en+ transpcrt per rzr?,i+, width en a 
weight basis (e. g. , lb/ft-sec) 
= bulk specific weight of sand in the bed. 
The last  condition (equation 2-7) introduces another unknown, G(x), 
which necessitates another equation. This equation i s  the relation be tween 
G(x) and the local flow parameters and the sand characteristics, 
C(x) = G (local depth, local velocity, fluid properties, sand 
characteristic s). (2-8) 
Herein lies the stumbling block, for the physical law which equation 2-8 
expresses i s  unknown. 
2-2. Flow over a Rigid Wavy Bed 
Although the general problem of flow over a deformable bed 
cannot now be solved, certain aspects of the behavior of antidunes and 
accompanying stationary waves can be obtained from the solution for flow 
over a fixed wavy bed, The solution of this problem can be obtained 
directly in the following way. Consider the simple harmonic wave train 
shown in figure 2-2a moving from right to left in a fluid of depth H. The 
celerity, c, of such a wave is given by Milne-Thomson (5, p. 391) as  
- tanh kH C -  k (2-9) 
where 
2n k = - = wave number 
L 
L = wave length, 
The stream function will be denoted by $ and the complex potential by f. 
Thus 
where z is a complex number, z = x t iy. 
For  a train of simple harmonic progressive waves the complex potential 
is (see Milne-Thomson ( 5 ) ,  p. 390) 
f =  A cos k(zl t i H +  c t )  
sinh k H  
where A i s  the wave amplitude. The problem can be reduced to one of 
'steady motion by taking the axes as moving with the waves. This is 
accomplished by substituting z - c t for  2'. If a velocity V = c is 
then superposed on the whole system (figure 2-2b) the wave profile and 
the axes will be brought to r e s t  and the water will have a mean velocity 
V in the x direction. This is the desired flow and its complex potential 
is given by 
f = V z  t A V  c o s k ( z + i H ) .  
sinh k H  
When the real  and imaginary parts  of equation 2-12 a r e  separated, the 
velocity potential and stream function can be expressed a s  
~ = v x +  A V  cosh k(y + H) cox k x  
sinh k H  
$ = Vy - A V  ~ i n h k ( ~ + H ) s i n k x .  
sinh kH 
The flow is now steady and any streamline can be considered a s  a fixed 
bed, a s  shown in figure 2-2c. Equations 2-12 and 2-14 describe the flow 
in the interval -d,< y c  0, This flow is the top part of the train of simple 
(a) Translational gravity waves moving from right to left. 
(b) Stationary gravity waves. The wave t ra in  of figure (a) has been 
brought to r e s t  by imposing a velocity V = c on the fluid. 
( c )  Flow o v e r  a rigid wavy bed. A streamline of the flow shown in 
f igure (b) has  been replaced by a rigid boundary. 
Fig. 2 - 2 .  Steps i n  the development of the 
equations for  flow over a rigid wavy bed. 
harmonic gravity waves in a fluid with a horizontal bottom at  depth H. 
The waves have been brought to res t  by superposing on them a velocity 
equal and opposite to the wave celerity. 
From equation 2-9 i t  may be noted that since c = V, 
2n H v2 = * tanh -. 2n L 
Thus L depends only on V and H and is independent of d. Further, 
for a given velocity there i s  an infinite number of compatible wave 
lengths, each corresponding to a different value of W. The higher order 
solution for the case of finite A/L can be obtained by replacing f of 
equation 2-1 1, which is, after the transformations, the harmonic term 
of equation 2-1 2, by the complex potential of a train of waves of finite 
amplitude. 
2-3. Form of the Bed Profile 
- - 
The relation between the form of the bed profile and water 
surface profile can be obtained directly from equation 2-14. The equation 
of the bed profile is ~ ( x )  and i t s  position is y = -d + q(x). The total 
flow over the wavy bed is Vd. Therefore the bed profile is the stream- 
line $ = -V d. If these values of y and d( axe substituted into equation 
2-14, the result is 
-Vd I v [ -d + ~ ( x ) ]  - s inhk(H-d ) s inkx .  (2-16) 
sinh k H 
Note that using y = -d instead of y = -d + q(x)  in the hyperbolic sine 
term is consistent with the linearized theory, From equation 2-16, 
dx) = A s i n h k ( H - d )  s inkx .  
sinh k H 
Thus the bed profile ~ ( x )  is also sinusoidal with a different amplitude, 
a, given by 
a = 
Asinh k ( ~  - d )  
. 
sinh k H 
Equation 2-17 can be simplified with the aid of equation 2-15 to 
yield 
a J2 
- = (1 - tanh kd)  cosh kd. (2-18) 
A v 2k 
Equation 2-18 shows that the profiles of the bed and f ree  surface a r e  in 
2 phase or 180 degrees out of phase according as V i s  greater than or 
less than (g/k) tanh kd  . The complete mathematical solution includes 
both of these cases. In the latter case, d i s  greater than H and the 
sohticmin the interval between the virtual horizontal bottom and the wavy 
bed ( -d< y( -H) i s  represented by the analytic continuation of the 
complex potential (equation 2-12). This case will not be considered 
further here because of its obvious dissimilarity to flow over antidunes. 
2 -4. Velocity- Wave Length Relation for Flow over Antidunes 
As will be discussed in chapter 4, antidunes a re  formed when the 
free surface of a stream is  disturbed, provided the depth, velocity, and 
transport characteristics of the bed material a re  within certain limits. 
The exciting disturbance can be externally induced by placing a screen 
or other obstruction in the flow to cause the formation of a stationary 
wave; or i t  can result from the presence of dunes or other antidunes on the 
bed; or  i t  can arise spontaneously as  a stationary wave. The disturbance 
causes local scouring downstream from which deposition occurs and an 
antidune results. Immediately downstream from this antidune, another 
antidune is formed by the same process. This mechanism continues to 
form successive antidunes until i t  i s  interrupted by the breaking of one or 
more stationary wavesi c3r the spoatanems disappearznce af the wnves 
and antidune s . 
The question that will now be considered i s  whether there is a 
preferred wave length for each depth and velocity. The complete answer 
to this question lies in the- presently unattainable solution to the problem 
formulated in section 2-1. The alternative is to ignore for the moment 
the details of the sediment transport pattern which forms the antidunes 
and assume that the fluid flow pattern will impose itself on the sand bed 
and form the desired boundary configuration by suitable scour and 
deposition. Attention can then be focused on the steady-state fluid motion 
in determining the preferred wave length. 
It was shown in the two preceding sections that for a given 
velocity, there is an infinite number of wave lengths which will yield 
a solution compatible with the boundary conditions . These wave lengths 
are  a function of only H and V and a re  the solutions of 
28 v Associated with each wave length i s  a frequency, cu = -. Thus the 
L 
flow over a deformable bed can be considered as  a system which has an 
infinite nnmber of natural modes, each with e different natural frequency. * 
The depth to the virtual horizontal bottom, H, i s  the independent variable. 
It is here hypothesized that the flow will seek out the wave length 
for which the total. energy of the fluid for a given wave amplitude will be 
a minimum. Stated another way, the hypothesis is that the only mode 
which will be excited i s  the mode which will have the greatest amplitude 
for a given energy. 
The problem now consists of determining the value of H for 
which the total energy of the flow is a minimum. The potential energy 
per wave length for a unit width, P, i s  due to the water which is dis - 
placed from the wave trough to the wave crest. If p g is the unit 
weight of the water, 
.. 
- 
The average potential energy per unit area, P, i s  
and is independent of L and thus of H, Therefore only the kinetic 
energy must be considered in determining the minimum total energy. 
The kinetic energy per wave length for a unit width, T, i s  
T = Q / O / ~ [ ( * ) ~  + ( ~ ) 2 ]  dx dy. 
-d c3 a x  ay 
Introducing fd from equation 2- 13 and carrying out the integration the 
result i s  
* An analogous mechanical or electrical system i s  admittedly difficult 
to conceive. 
1 2  2 2 T = - pV L d  + pL kA V [sinh 2 k H  - s i n h 2 k ( ~ - d ) ]  . (2-20) 
2 8 sinhz k H 
The f i rs t  term on the right is simply the kinetic energy due to the trans- 
lational velocity of the dluid and is independent of H. The second term 
represents the kinetic energy due to the perturbation velocities. Sub- 
stituting for  v2 from equation 2-15. equation 2-20 becomes J 
% 
1 T =  - sinh 2 k (H - d) 2 4 sinh 2 k H 1 
- 
and the average kinetic energy per unit area, T, is 
i. 
T = 1 sinh 2 k ( H  -d)  
2 4 sinh 2 k H  
Note that if H = d, the second term on the right reduces to the kinetic 
energy of a simple harmonic wave. 
Equation 2-22 shows that for al l  values of d the kinetic enexgy 
(and thus the total energy) of the flow approaches i t s  minimum value as  
H tends to infinity. Thus, under the hypothesis that the wave length 
selected by the system i s  that which corresponds to the minimum energy 
for a given amplitude, the perturbation velocities accompanying the flow 
over antidunes a r e  the same a s  those of a gravity wave in  a fluid of 
infinite depth. This i s  possible even though the actual depth, d, is 
relatively small because the flow can deform the sand bed to conform to 
a streamline of such a wave. The resulting velocity-wave length relation 
given by equation 2 - 15 is 
since tanh k H  approaches unity as H tends to infinity. 
The fact that the minimum energy of the flow over a wavy bed 
corresponds to the case H = oo can be deduced directly from physical 
considerations. The total kinetic energy per unit a rea  of a simple harmonic 
wave in a fluid of arbi t rary  depth W with a rigid horizontal bed is given 
by the second term on the right of equation 2-22 with H = d, 
Equation 2-24 shows that ? is independent of the depth, H, to the 
virtual bottom. If H = d all of the kinetic energy is included in the 
- 
region of flow, -d< y e  0 .  As H i s  increased, T remains constant 
but some of the kinetic energy is accounted for by the perturbation 
velocities outside of the region of interest,  i. e .  , in the region y< -d. 
Thus a s  the virtual bottom is lowered, the total kinetic energy remains 
constant but is spread over a wider a rea  so that the kinetic energy in the 
region of interest decreases and approaches a minimum as H tends to 
infinity. 
The potential energy of the sand bed due to i t s  deformed shape 
was not included in  the analysis. The energy to transport the sediment 
comes primarily from the velocities associated with the translational 
flow of the fluid, particularly the turbulent components which cannot be 
described accurately and which a r e  not, of course, considered in the 
potential flow solution. The perturbation velocities due to the stationary 
waves ac t  only to modify the local transport capacity and do not themselves 
supply the energy to move the sand from the troughs to the c res t s  of the 
antidunes. Since any transfer of energy from the perturbation velocities 
to the turbulent velocities is probably negligible compared to the turbulent 
energy generated by the shear blow, the energy of the bed does not enter 
into the energy analysis of the waves. A further discussion of the roles 
of the translational velocity and perturbation velocities is presented in 
section 5-2 .  
Another approach is to examihe tht: rates of energy dissipation 
due to viscous shear. The mode for which the rate of energy dissipation 
in the fluid i s  the minimum is  the mode which would be expected to 
achieve the greatest amplitude. The problem of shear flow over a wavy 
bed has not been solved so  i t  is not now possible to compare the energy 
dissipation ra tes  for different wave lengths. However, for potential flow 
over a wavy bed, equation 2 - 13 shows that the perturbation velocities and 
their gradients decrease a s  the distance to the virtual horizontal bottom 
increases. Further, Biesel (14) has shown that for waves in a still, 
viscous fluid of finite depth, the ra te  of energy dissipation decreases as  
the depth of the fluid increases. These considerations suggest that for 
shear flow over a wavy bed, the wave length for which the ra te  of energy 
dissipation due to the perturbation velocities is a minimum corresponds 
to  H =  m.  
The minimum energy hypothesis that was used to deduce which 
of the infinite number of steady-state solutions given by equations 2-  12 
and 2- 15 i s  applicable to flow over antidunes is  somewhae tenuous and 
does not follow any general theorem. However, until the laws governing 
the transport of sediment are  better understood and more concisely 
formulated, the t r a ~ s p o r t  which occurs during the forma tion of antidunes 
cannot be treated analytically. The alternative followed was to examine 
the possible steady-state solutions. More involved and seemingly more 
rigorous analyses which utilize general theorems such as the principle 
of least action or the more general Hamilton's principle can be used and 
these lead to the same conclusion as the minimum energy hypothesis. 
However, under close examination, each of these alternate approaches 
reveals some major weakness when applied to the fluid-sand bed system 
representing flow over antidunes and they are  actually no more forceful 
or convincing than the approach used here. 
The solution based on the minimum energy hypothesis shows that 
there i s  a single wave length for each velocity. However, i t  i s  theoreti- 
cally possible for all admissible wave lengths to exist simultaneously on 
a rigid wavy bed. The bed profile would then consist of a superposition 
of the bed forms of all wave lengths and would be a complex, intricate 
pattern consisting of undulations of different amplitudes and wave lengths. 
Such a pattern would not seem compatible with the sediment transport 
phenomenon in the antidune regime where no flow separation occurs down- 
stream from the bed features. In this regime, the sediment in transport 
is swept along at such high velocities that it i s  impossible for the 
differential scour and deposition to result in features which are  not 
regular and periodic. 
In this regard, the theoretical work of Vitousek (15) should be 
mentioned. Vitousek sought a solution to the problem of flow over a wavy 
bed which would satisfy the free surface boundary condition exactly. He 
assumed that the free surface i s  a trochoid given parametrically by 
y = h - A c o s 8  
where h i s  a constant. This is the approximate form of a gravity wave 
of finite amplitude, as  is discussed by Lamb (4, p. 418). The waves of 
very small amplitude considered earlier are the special case of this 
form where A k  is very much less than unity. Vitousek then used an 
inverse method to determine the complex potential which satisfied the 
boundary conditions for a wawe of la~gth 2a. Midway through his solution 
2 he was forced to choose 2h = A f 1 in order to keep the solution in 
closed form. This choice of h i s  tantamount to choosing a velocity- 
wave length relation. Vitousek presented some numerical results based 
on his final solution which showed that this relation is the same as  the 
velocity-wave length relation for a deep water gravity wave. * Vitousek 
2 
was unable to determine the form of the streamlines in the case 2h # A + 1. 
He stated, however, that his rough calculations "gave a strong indication 
2 that the value 2h = A 4- 1 actually did yield a smoother bottom than did 
other values" (p. 28). 
2-5. Breakinn of Stationary Waves 
It was observed that antidunes, once initiated, grow in amplitude 
until they reach some limiting value. Under certain conditions the 
stationary waves often break before the antidunes reach their, limiting 
amplitude. The waves break in the upstream direction which is the 
direction of the wave propagation relative to the water. In appearance the 
breaking resembles that of ocean waves as  they approach the shore. 
In the preceding section it was shown from the minimum energy 
hypothesis that the waves which accompany antidune s can be considered 
as  simple gravity waves in a fluid of infinite depth. The profile of such 
waves with finite amplitude has been investigated by Michell (16). From 
an investigation of the kinematics of the fluid motion at  the wave crests, 
Michell found that the maximum wave height (vertical distance from trough 
to crest) that can exist, 2Ac, i s  
* The form of the free surface of the wave investigated by Vitousek is 
the same as  that of Gerstner's trochoidal wave. However, the fluid 
motion accompanying Gerstner Is wave i s  rotational. In Vitousek's 
solution, there a re  singularitie s which make the flow irrotational while 
still preserving the trochoidal form of the free surface. The location 
of the bed in Vitousek's solution must be such that the singularities are  
excluded from the region of interest. 
2-6. Movement of Antidunes 
--- -- 
In the descriptions of antidunes given in chapter 1, frequent 
mention was made of their growth and upstream movement. Their 
behavior cannot be fully analyzed until the laws of sediment transport 
are better understood. However, their direction of movement can be 
deduced if a reasonable transport law is assumed and used in connection 
with the solution for flow over a rigid wavy bed. It will be assumed that 
the antidunes move upstream and then shown that this movement is 
compatible with the solution presented in section 2-2 for flow over a rigid 
wavy bed if the rate of antidune movement, Va, is small compared to 
the flow velocity, V. The solution which will be obtained is the same 
as  that which would result if a velocity V - Va instead of V were 
superimposed on the translational waves discussed in section 2-2 in 
deriving the solution for flow over a fixed wavy bed. 
At time t let the form of the bed be 
q(x. t) = a sin k(x + Va t). (2 - 26) 
Then 
"t = k Va a cos k ( x  + Vat). (2-27) 
Since t i s  arbitrary, t = 0 can be chosen and equation 2-27 becomes 
qt = k V  a cos kx. a (2-28) 
It will now be assumed that the local rate of sediment transport 
i s  proportional to some power of the total horizontal velocity at  the 
level of the bed. Thus 
~ ( x )  = rn (Y ( x .  -d) )n 
ax 
where m and n are  constants. The f i r s t  term in parentheses repre- 
sents the flow velocity and the second term represents the horizontal 
perturbation velocity at the level of the bed, If i t  i s  assumed that the 
squares and higher powers of the perturbation velocity a re  small and can 
be neglected compared to the flow velocity, a binomial expansion of 
equation 2 -29 yields 
~ ( x )  = m vn + m n v n-l ?z (x, -d). 
ax 
As was discussed in section 2-1, the continuity of sand transport requires 
Gx(4 + B qt = 0. (2-7) 
Substituting equations 2-28 and 2-30 into equation 2-7 yields 
where $ is the second term on the right of equation 2-13. Substituting 
this value of into equation 2-31 gives 
Substituting for a from equation 2- 17 yields 
For flow over antidunes, H = m and equation 2-33 becomes 
n Since m V is the mean rate of sediment transport, G,  the final 
expression for the upstream rate of movement of the antidunes i s  
Since Va is independent of x and t and is  positive, the original 
assumption that antidunes move upstream unchanged in form i s  correct 
under the assumed transport law (equation 2 -29) .  However, equation 
2-35 can be taken as  only qualitative since the transport law on which it 
is based i s  only qualitatively correct. 
The upstream movement i s  aided by the gravity force acting on 
the sand particles. On the upstream slopes of the antidunes, gravity 
opposes the movement of the particles. Conversely, on the downstream 
slopes the gravity force acts in the direction of movement. Therefore the 
effect of gravity is to decrease the sediment transport rate on the upstream 
slopes and increase i t  on the downstream slopes and thus increase the 
velocity of upstream movement of the antidunes. 
2-7. Velocitv-Wave Length Relation for Three-Dimensional Waves 
In many of the flume experiments which a re  described in chapters 
3 and 4, short-crested, three -dimensional stationary waves formed. 
Examples of these waves a re  shown in figures 4-10 and 4-13. Waves 
of this form a re  actually a superposition of two waves: a translational 
wave in the direction of flow and a standing wave transverse to the 
direction of flow. The celerity af the resulting wave is just equal to the 
flow velocity so  the wave i s  stationary. The antidunes accompanying 
these waves a r e  also three-dimensional, a s  shown in figure 4- 11. The 
characteristics and occurrence of these waves will be discussed in 
sections 4-2 and 4-3. 
The solution of this problem i s  rather lengthy and will not be 
developed here. It is outlined by Lamb (4, p. 440) and a detailed treat- 
ment of the problem is given by Fuchs (17). If the width of the channel 
is b and the second mode of vibration is excited in the transverse 
direction, the celerity of the waves according to Fuchs is 
where 
L = wave length in  the direction of flow 
b = wave length normal to direction of flow. This is also 
the width of the channel if the second mode in the trans - 
verse direction is excited. 
H = distance to the horizontal bottom. This is t k e  distance 
to the virtual bottom in the case of flow over a deformable 
bed. 
In section 2-4, i t  was shown from the minimum energy hypothesis that 
H = ao for flow over two-dimensional antidunes. It will be a s s m e d  
that this same value of H applies to the case of the three-dimensional 
waves. This implies that the flow will shape the bottom to conform to 
a stream surface of a wave in a fluid of infinite depth. If the wave is 
2 to be stationary, c2 = V and equation 2-36 becomes 
Equation 2-37 shows that for a given velocity, the wave length of a 
three -dimensional wave is always less  than that of a two -dimensional 
wave. 
2-8. Summary 
The linearized potential flow solution has been presented for  
flow over a fixed sinusoidal bed in which the bed and water surface a r e  
in phase. It was found that such a flow is the same a s  the flow above an 
intermediate streamline of a stationary wave train over a horizontal bed 
a t  depth H. Fo r  flow over a rigid wavy bed, the wave length, L, is 
fixed and the depth, H, to the virtual bottom depends on the stream 
velocity according to the relation 
v 2  = f& tanh k H ,  H "P d. 2a 
In the case of flow over antidunes, H and L a re  not fixed. If it i s  
hypothesized that the value of L which the system selects is that 
corresponding to the minimum energy of the fluid, then H = cr, and the 
velocity-wave length relation i s  
Thus the flow over antidunes may be considered a s  the top par t  of a 
stationary train of gravity waves in a fluid of infinite depth. An upstream 
movement of the antidunes is implied by this solution if the local sediment 
transport ra te  is proportional to a power of the total local horizontal 
velocity a t  the level of the bed. The surface waves break when their 
height reaches the critical value given by 
If three-dimensional stationary waves and antidunes form, their 
wave length is less than that given by the two-dimensional solution 
(equation 2 - 23). 
CHAPTER 3 
APPARATUS AND PRCCEDURE 
The principal items of apparatus in which the laboratory experi- 
ments were carr ied  out were the 40-foot and the 60-foot recirculating 
tilting flumes located in the Sedimentation Laboratory of California 
Institute of Technology. These flumes have been used in several previous 
sedimentation studies (1,18, 19, 20, 21) and only slight modifications were 
necessary to adapt them to the current  project. 
The flumes, their appurtenances and accessories, and the experi- 
mental procedure will be described and discussed in this chapter. The 
procedures used in the calculation of the energy grade line slope, depth, 
mean velocity, bed shear, and bed friction factor will also be described. 
Finally, the characteristics of the sands will be presented. Since 
the experimental procedure was improved during the conduct of the 
research, certain of the experimental techniques a r e  not the same for all 
runs. These changes will be pointed out in appropriate sections. 
3 -1. The 40 -foot Recirculating, Tilting Flume 
The 40-foot tilting flume shown in figure 3-1 was used for  Run 
Series 5 with the 0.549 mm sand and for Runs 4-1 and 4-24 through 
4-38 with the 0 . 2 3 3  mm sand. in the fiume, a s  shown in figure 3 - i ,  the 
water flows from left to right in the open channel portion of the circuit into 
the pump well at the downstream end of the channel. The water and 
sediment then pass through the pump into the return pipe which includes 
the venturi meter  and heaters,  then through the transition section, and 
back into the flume. The circuit i s  completely closed so the water and 
the sediment a r e  continuously recirculated. The depth of flow is 
regulated by the amount of water in the system and i s  only slightly affected 
by sediment storage in the pump bowl, transition, and return pipe. 
The open channel portion of the circuit consists of two ten-inch 
structural channels, attached to a bottom plate a s  shown in section A-A 
of figure 3-1, giving inside width of 10 -1/2 + 1fi 6 inches. The inside 
- 
surfaces of the flume were initially painted with a biturnastic paint which 
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Fig. 3 -  1. Schematic diagram of 40 -foot flume. 
was replaced after the completion of Run Series 5 by an epoxy resin. 
Both finishes gave a hydrodynamically smooth surface. The channel i s  
supported on a rigid t russ  which in turn i s  supported on a pivot near one 
end and on a jack at the other. This arrangement permits the slope of 
the flume to be set  a t  any value from -0.001. to 0.032. The value of the 
slope is read directly to the nearest 0.00001 from a vernier scale at-  
tached near the jack. 
The water-sediment mixture is  circulated by an axial flow pump 
located a t  the downstream end of the flume. The pump i s  driven by an 
electric motor through a variable-speed drive of the vee-belt type which 
gives a speed range of 120 rpm to 1050 rpm. The maximum possible dis - 
charge i s  about 0 . 7  5 c f s . 
A transparent lucite tube, 50 inches long with a four -inch inside 
diameter, i s  located just upstream from the venturi meter in the return 
pipe. This permitted one to determine if sand was being deposited in 
the return pipe and in general have a better knowledge of the behavior of 
the lower part  of the circuit. For  example, in several runs using the 
coarse sand, deposition occurred in the return pipe in the form of 
intermittent dunes about six inches long spaced at three to four feet 
which moved downstream with a velocity of about four ft per min. In the 
spaces between the dunes there was no deposition. By observing the 
passage of the dunes in the transparent section, manometer readings 
could be taken when no dunes were present in the venturi meter. 
Positions along the flume a r e  referred to one-foot stations marked 
off on the flume, station zero being 64 inches from the upstream end of 
the structural channels which form the walls. The window is five feet 
long and i ts  upstream end is at station 23. 
The entrance to the flume used in Runs 4-1 and 5 - 1 through 5 -1 2 
is shown in figure 3 -2. The upper elbow of the transition has vanes to 
minimize secondary currents resulting from the turning. In the flume, a 
variable angle diffuser, shown in figure 3-1, was used to introduce the 
flow into the flume. In most runs, one or more 8-mesh screens (8 open- 
ings per inch) were placed normal to the flow at the outlet from the diffuser 
to break the large scale turbulence into smaller eddies which would be 
damped out in a shorter distance. The number of screens was determined 
Fig. 3-2. Upstream end of 40-foot flume 
showing transit ion and diffuser inlet used 
in  Runs 5 - 1 through 5 - 1  2. 
Fig. 3-3. Upstream end of 40-foot 
flume showing box inlet with sluice 
gate and screens .  The setup for  ob- 
taining sediment samples  i s  also 
shown. 
by observing what combination gave the least disturbance to the flow. The 
effect of such screens in reducing the distance required to establish 
uniform flow has been discussed by Brooks (22) .  
In runs with high discharges, i t  was observed that a t  the outlet 
from the diffuser the bed was completely scoured away :or a distance of 
about six inches leaving the bottom of the flume uncovered. This scoured 
section was followed by a section of about the same length where ex- 
cessive deposition formed a mound of sand which always gave r ise  to a 
stationary water wave. In an attempt to eliminate this condition, a sill ,  
30 inches long and 1-5/8 inches thick was placed below the diffuser outlet 
in Runs 5-8 through 5-1 2. This sill  was tapered at i t s  upstream end and 
was placed about four inches downstream from the outlet from the 
diffuser. This was quite effective in reducing the scour condition which 
existed previously. 
Without the stationary wave which always disturbed the flow at 
the entrance to the channel, i t  became apparent that the flow configura- 
tion was not unique over a wide range of depth and velocity. If the flow 
was disturbed at the entrance, antidunes formed over the whole length 
of the channel. If the flow was given no disturbance a t  the flume entrance, 
the bed and water surface were flat everywhere. This situation will be 
described in chapter 4. To eliminate the stationary wave which was 
caused by the diffuser, the upper part  of the transition and the diffuser 
were replaced by the simple box inlet shown in figures 3-3 and 3-15. In 
this inlet, the flow emerging from the upstream r i s e r  enters the channel 
behind a sluice gate which can be adjusted to give the desired depth of 
flow at  the entrance to the channel. About two feet downstream from the 
gate, slots a re  provided to accommodate up to three screens. The un- 
steady surging upstream of the sluice gate and to a smaller degree below 
it was greatly reduced by wood boards which floated on the water surface 
on both sides of the gate. This inlet arrangement, while not entirely 
satisfactory, was judged better for high discharge runs than the diffuser 
inlet. 
The outlet from the flume used in Run Series 5 and Run 4-1 is 
shown in figure 3-4. The pump, and electric motor and variable-speed- 
drive transmission can also be seen in this figure. The outlet consisted 
Fig. 3 -4. Downstream end of 40 -foot flume 
showing pump well used in Run Ser ies  5. 
Fig.  3-5. Downstream end of 40-foot 
flume showing pump well used i n  Run 
Ser ies  4. 
of a simple box which also served a s  the pump well. One or more 8-mesh 
screens were usually placed just upstream from the outlet to prevent the 
end of the sand bed from slumping intermittently into the pump well. 
During the breaking of the surface waves which formed over anti- 
dunes, considerab2.e storage of water occurred in the channel due to the 
momentary upstream movement of a segment of the flow at each break. 
This resulted in a lowering of the water level in the pump well and a 
corresponding temporary drop in the discharge. In the runs with the 
coarse sand (Run Series 5) the amplitudes of the surges in the pump well 
were always less  than about six inches and resulted in discharge surges 
which could not be detected with the venturi meter. However, the runs 
with the fine sand (Runs 4-24 to 4-38) had wave breaking which was more 
severe and extensive over the length of the flume and resulted in surging 
which completely drained the pump well, causing severe discharge surges 
and a i r  entrainment. To reduce this surging to tolerable proportions the 
larger outlet shown in  figure 3-5 w a s  used for Run 4-24 and all  subse- 
quent runs in the 40-foot flume. This outlet has a plan a rea  of 6.25 
square feet compared to an a rea  of 1. 22 square feet for the outlet which it  
replaced. The surge in the enlarged outlet was always less than four 
inches. 
3 -2. The 60 -foot Recirculating Tilting Flume 
Runs 4-3, 4-6, 4-7 and 4-10 through 4-23 were conducted in the 
6 0-foot flume shown in  figure 3 -6. A detailed description of this flume 
has been given previously by Vanoni and Brooks (1). The details of the 
flume cross  section a r e  shown in  figure 3-6b. This flume i s  similar to 
the 40-foot flume, the water and sediment being continuously recirculated 
in a closed system. The slope, which could be set at any value from 0 to 
0.017, was determined by a micrometer scale which is mounted on one of 
the jack lead-screws. The inside of the channel is painted with an epoxy 
resin similar to that used in the 40-foot flume, but giving a very slightly 
rougher surface. However, the surface would still be classed as 
hydraulically smooth. The discharge range of the pump is 0.50 to 5.75 
cf s. 
The entrance to the 60-foot flume i s  through an adjustable diffuser 
IXED SUPPORT E DIFFUSER LID 
OBSERVATION WINDOWS INSTRUMENT CARRIAGE RAILS 
TRANSITION (8 PIPE) 
60-FOOT CLOSED CIRCUIT FLUME 
(a) Elevation 
12 in. 
Instrument Carriage 
(b) Cross  section of flume 
Fig. 3 - 6 .  Schematic diagram of 60 -foot flume. 
similar to that which was used initially on the .-id-foot flume. Figure 3-7 
shows the upstream end of the flume, part  of the transition, and the 
diffuser with two 8-mesh screens in place. The objections raised 
against the diffuser entrance on the 40-foot flume apply to the 60-foot 
flume also, but i t  was impractical to  change the entrance structure on the 
latter.  Various combinations of one to three 4-mesh and/or 8-mesh 
screens were placed immediately downstream from the diffuser outlet, 
the combination selected being that which introduced the flow with the 
minimum amount of bed and water surface disturbance. 
The downstream exit shown in figure 3-8 consists of a tank which 
also serves  a s  the pump well. The tank is 48 inches by 33.5 inches in 
plan giving a ratio of flume surface a r ea  to outlet surface a r ea  of 14.5 
compared with 28.7 and 5.60 for the small and large outlets respectively 
used on the 40-foot flume. Its performance was considered as inter- 
mediate between those of the two outlets for the 40 -foot flume. With 
radical breaking occurring in the flume, the surge in the outlet was quite 
small in  all  runs except 4-6, 4-7 and 4-1 6 and even in these runs i t  was 
less  than one foot. Thus i t  appears that the ratio of flume a rea  to outlet 
area  should be considered in  the design of flumes for experiments of this 
type 
As with the 40-foot flume, one or two 8-mesh screens were 
placed in the flume a t  the downstream end to hold the end of the sand 
bed from slumping into the pump well and, to some extent, to isolate the 
flume from disturbances in  the pump well. 
Positions along the flume a r e  referred to one-foot stations which 
a re  marked along the flume. Station zero is  at the downstream end of 
the diffuser. The window is 20 feet  long with i ts  upstream end at station 
27. 
3 -3. Emerimental  Procedure 
The experimental procedure followed in the conduct of a run will 
now be described in  general to give a broad, overall picture of the 
laboratory technique. The individual measurements, sampling procedures 
and other operations will then be fully described. 
Initially, the depth and velocity desired for the run were selected, 
Fig. 3-7. Upstream end of 60 -foot flume 
showing diffuser inlet and screens .  
Fig. 3 -8. General view of downstream 
end of 60 -foot flume. 
the required discharge was calculated, and the required slope was 
estimated. With the flume slope set at zero, the amount of water in the 
flume was adjusted to give a water surface elevation which was estimated 
to yield the desired depth for the discharge required. The flume slope 
was then set at the estimated value and the pump was started. The pump 
speed was adjusted until the desired discharge was obtained and then, 
after a period long enough to allow the flow to reach equilibrium, the 
water surface slope was determined from the manometer board which was 
connected to several piezometer taps placed in the flume. The flume 
slope was adjusted to match the water surface slope, and after another 
period during which the flow adjusted to the new flume slope, the water 
surface slope was again determined from the manometer board and the 
flume slope was again reset  a s  required. This process was continued 
until the agreement between the flume slope and the water surface slope 
determined from the manometer board was within a few percent. Dur- 
ing this adjustment, the discharge was checked frequently and the pump 
speed was adjusted to maintain the desired discharge. 
When the flume slope had obtained the final adjustment, the water 
surface elevation, discharge, water surface slope, temperature, and 
wave parameters were measured. The pump was then stopped, the 
flume slope set  at zero, and the water level was again determined to 
check on water losses during the run. The bed was leveled and the bed 
elevation measured. This completed the f i rs t  preliminary phase of the 
run. 
The data collected from the preliminary phase were analyzed to 
determine what the depth had been. On the basis of this analysis the 
water level in the flume was then adjusted to give the desired depth and 
another preliminary phase was performed following the same procedure. 
When a depth was obtained which was within 0.010 ft of the desired 
value, the water level in the flume was given a final adjustment and the 
final phase of the run was conducted. The final phase followed the same 
procedure a s  the preliminary phases except that total-load sediment 
samples and still and motion pictures were taken. In several runs, 
detailed bed profiles were taken before the bed was leveled. 
The techniques used in measuring the various quantities during the 
laboratory experiments differed very little be;. ,een the two flumes. The 
methods and equipment used with the two different flumes will be 
described and discussed in the following sections. 
3-4. Temperature Control 
h the 40-foot flume, temperature control was achieved by four 
1000-watt immersion heaters which a re  located in the return pipe near 
the upstream end of the flume, a s  shown in figure 3-1. Three of the 
heaters were wired so that either 110 volts or  220 volts could be im- 
pressed across them to give an output of 250 watts or 1000 watts. This 
arrangement allowed power inputs in  250 watt increments up to 2500 watts 
and additional inputs of 3000, 3250 and 4000 watts. It was found that due 
to the large thermal inertia of the system, the desired temperature could 
be maintained within + 0. ~ O C  by checking the temperature every 30 
- 
minutes and raising or lowering the power input as  required. A water 
temperature of 2 5 * ~  was intended for  all runs. However, there was no 
0 
way to cool the water so the water temperature rose above 25 C in most 
runs carried out during the summer months. 
On the 60-foot flume, no means was provided for temperature 
control. However, most of the experiments carried out in this flume 
were done during summer months and the water temperature was usually 
slightly above 2 5 O ~  a s  mentioned above. 
The temperature was measured about every 30 minutes with an 
0 immersion thermometer having 0.1 C divisions. The average of the 
temperature readings during the time data were being taken was used a s  
the temperature for the run. 
3-5. Discharge Measurements 
A venturi meter installed in the return pipe of each flume was 
used to measure the discharge in the circuit. In the 40-foot flume, a 
4- by 3-inch venturi meter was installed between the transparent tube 
and the heater section a s  shown in  figure 3 - 1, and in the 60 -foot flume, 
an 8- by 5-inch venturi meter was placed just ahead of the transition 
section. Both of these meters were calibrated for clear water in the 
Hydraulic Machinery Laboratory of California Institute of Technology in 
1956. The calibration was accurate to 0. 1 percent. 
In all runs in the 40-foot flume and all  but two runs in the 60-foot 
flume, the differential head across the venturi meter was measured with 
an air-wa%er dHferentia1 m a m e t e r  which could be read to the nesresx 
0.001 ft. In two runs in the 60-foot flume the differential heads exceeded 
the height of the water manometer and a mercury-water differential 
manometer was used which also had a least reading of 0.001 ft. No 
correction was made for the sand content of the water. 
The use of a venturi meter  in measuring the discharge of mixtures 
of water and sediment has been thoroughly discussed by Brooks (22). He 
concluded that discharge determinatians made with this apparatus a r e  
accurate to within one percent. However, many of the current runs had 
discharge surges, which were described in section 3- 1, and accompa- 
nying surges i n  the manometer reading. When this was encountered, the 
valves in  the manometer lines were partially closed to reduce the 
magnitude of the surges in the manometer. Then no manometer read- 
ings were taken during the surges or  afterwards until the manometer had 
regained its equilibrium position. At least  five and usually ten or  more 
such readings were taken during each run. The readings thus obtained 
differed by less  than four percent in even the runs with radical wave 
breaking, indicating a discharge variation of l e s s  than two percent since 
the discharge varies as the square root of the head. Two percent 
appears to be a reasonable estimate of the accuracy of the discharge 
measurements. 
3 -6.  Movable Carriages 
Each flume was equipped with a carriage which could be moved on 
rai ls  along the length of the flume from station 0 to station 34 on the 
40-foot flume and from station 0 to station 55 on the 60 -foot flume (see 
figures 3 -1 and 3-6). The carriage for the 60-foot flume i s  shown in  
figure 3-9 and is very similar to the carriage for the 40-foot flume. The 
moving mechanism on each carriage has both transverse and vertical 
motions and both motions have vernier scales s o  that a point gauge 
mounted on the carriage can be moved to obtain the location of a point 
any place within the flume to the nearest 0.00 1 f t .  For  convenience, the 
Fig. 3 -9. Instrument ca r r i age  
and point gauge for  60-foot flume. 
vertical scales of both carriages were adjusted to read zero (t 0.002 ft) 
- 
when the point gauge was resting on the floor of the flume. 
The setting of the flume slope scale and the elevations of the 
carriage rails were adjusted using a static water surface with the flume 
horizontal to give an inherent accuracy of the point gauge of + 0.00 1 ft. 
- 
The details of this procedure have been described by Brooks (22). 
3-7.  Determination of Water Surface Elevation and Water Surface Slope 
In order to determine the depth of flow, mean velocity, and eleva- 
tion of the energy gradient, it was necessary to know the elevation of the 
water surface relative to the carriage rails. The very unsteady surface 
waves which formed made this elevation the most difficult quantity to 
measure. Except for runs in which the bed and water surface were flat, 
the point gauge could not be used because it was too slow to measure 
elevations on the unsteady surface waves. 
The technique finally adopted for measuring the surface elevation 
involved the manometer board, shown in figure 3-10, connected to 
piezometer taps placed in the flume at intervals of five feet. The maxi- 
mum and minimum elevations reached by the water surface in each mano- 
meter tube were recorded on the glass scale of the manometer board. 
The average of these values, translated i3to an elevation on the point 
gauge scale of the movable carriage, was taken as  the elevation of the 
water surface relative to the carriage rails for the station corresponding 
to the tube. The manometer board, piezometer taps, and procedure used 
will now be described. 
The manometer board scale i s  printed on a plate of glass which i s  
mounted in front of the tubes. The scale has 0.0 1 ft divisions and can be 
interpolated to 0.001 ft. The tubes have internal diameters of 12 mm 
which is large enough to eliminate capillary effects. The straightedge 
shown diagonally across the scale in figure 3 -1 0 i s  attached to a bevel 
protractor which in turn is mounted on a bracket that travels vertically 
on the shaft attached to the left side of the board. With this arrangement, 
the straightedge can be moved to any elevation and aligned with the tops 
of the water columns in the tubes or reference marks placed on the 
glass scale. The angle between the straightedge and the horizontal can 
Fig. 3 -10. Manometer board. 
Fig.  3 - 11. Piezometer tap installed in 60 -foot 
flume.  h he sand has been removed to make 
the tap visible.) 
then be read on the protractor and translated i,,to a slope of the water 
surface. This feature was extremely useful in adjusting the slope of the 
flume to that of the water surface during the early stages of a run when 
equilibrium slope was being sought. It also gave a virkue of the water 
surface slope which in some runs with very high Froude numbers was 
used in calculating the slope of the energy gradient. 
A piezometer tap installed in  the 60-foot flume is shown in figure 
3-1  1. The same arrangement was used in the 40-foot flume. The taps 
are made of 3/l6-inch copper tubing which extends nearly across the 
width of the flume. One end i s  pinched to seal it and the other end is 
attached to a fitting which leads through the bottom of the flume to plastic 
tubing running to the manometer board. At two-inch intervals, three 
holes, about 1/64-inch in diameter, were drilled through the copper tubing 
at 120° spacings around the tube. To keep sand from entering the lines, 
the copper tubes a re  wrapped with three or  four layers of cotton cloth 
which i s  secured with twine. The stations at which manometer taps were 
installed are  referred to a s  computation stations. 
The manometer tubes on the board are  spaced two inches apart 
while the piezometer taps in both flumes are  at intervals of five feet. 
The tangent of the angle read from the bevel protractor i s  thus greater 
than the slope of the water surface in the flume by a factor of thirty and 
even relatively small water surface slopes in the flume have angles on 
the manometer board which can be read accurately. The bevel protractor 
is equipped with a vernier which can be read to five minutes of arc. If 
the water surface slope is 0.01, an er ror  of five minutes in reading the 
protractor corresponds to an er ror  of less  than one percent which is much 
smaller than the limitation in accuracy brought about by the unsteadiness 
of the water surface. 
It was found desirable to have about the same amount of damping 
in all lines running from the piezometer taps to the manometer board. 
The longer plastic tubes leading to the more distant piezometer taps had 
more inherent damping due to their very length. To compensate for this, 
pinch clamps were placed on the shorter lines and adjusted so that all 
lines had about the same attenuating effect on changes of water surface 
elevation. The adjustment of the pinch clamps depended on the experience 
of the operator who had to  judge which tubes res?onded too quickly 
or too slowly, but it was not found difficult to adjust the clamps so  
that all tubes behaved similarly. 
While the run was in progress, the maximum and the minimum 
elevation reached by the water in each manometer tube were marked 
on the glass scale with a grease pencil. A new mark was made each 
time the water elevation in a tube rose above the old maximum or fell 
below the old minimum. This process was continued for several minutes 
until the water level in each tube traveled only between the levels of the 
outside marks thus established. These elevations were recorded and 
averaged for each tube. The slopes of the lines of maximum and mini- 
mum elevations were determined with the straightedge and bevel pro- 
tractor. These two slopes agreed to within a few percent in practically 
all cases. In runs for which the fluctuation of elevation was less than 
about 0.03 ft, a large number of instantaneous elevations and slopes 
were recorded and averaged. 
The glass was then wiped clean and the process was repeated. 
At least three, and usually five or more such determinations spaced 
over an interval of about two hours were made for each run. The average 
of all such surface elevations for each computation station was then 
translated into a carriage point gauge elevation by a simple computational 
procedure involving the slope of the flume, the distances between the 
computation stations and the point at  which the flume i s  pivoted, and 
the zero correction between the manometer board and point gauge scales. 
This average value was taken as  the elevation of the water susface. 
The elevations of the water surface at any computation station 
given by the individual determinations seldom differed from the average 
of all elevations for  that station by more than 0.012 f t .  Usually the 
agreement was within 0.006 ft and it is believed that the average of 
all readings for each tube is accurate to 0.004 ft for all runs with 
maximum wave heights less than half the depth, and to 0.006 ft  for  
runs with high waves and active breaking. The individual slopes 
measured from the manometer board agreed with the average of all 
determinations to within five percent. Further, this degree of accuracy 
could be achieved between determinations made by different people and was 
therefore not subject to personal factors in locating the straightedge. 
3-8. Measurement of Bed Elevation 
- 
To obtain a bed profile along the length of the flume, i t  was 
necessary to stop the pump. With water in the flume, the bed was then 
leveled with an adjustable scraper in sections which were five feet long 
and centered on the manometer taps. The scraper for the 60-foot flume 
i s  shown in figure 3-12 and i s  quite similar to the one used in the 40- 
foot flume. The scraper  was passed back and forth over the section, 
the blade elevation being adjusted as  required, until all the sand in this 
section was redistributed to give a flat surface. The elevation of this 
surface at the centerline of the flume was then determined with the 
point gauge. This elevation was taken a s  the bed elevation. The 
elevation of the bed could be measured to the nearest 0.001 f t  by illumi - 
nating the flume from above with a photographic flood light and then 
lowering the point gauge until i t  just touched i ts  shadow on the bed. 
If antidunes were present on the bed when it  was leveled, they 
usually affected the elevation of each section. Unless an integral 
number of antidunes happened to be included in a five -foot section, a 
fractional part  of an antidune was included in that section. If this 
segment happened to be from a crest of an antidune, the measured ele- 
vation of the leveled bed section was too high, and conversely if the 
segment happened to be from a trough of an antidune. To minimize 
this effect, the pump was stopped when the bed was relatively flat. In 
runs with much wave activity, it was not always possible to find a time 
when antidunes didn't exist somewhere along the flume, 
3-9. Computation of Depth, Mean Velocity and Slope of the Energy 
G radient 
As was described in  sections 3-7 and 3-8 of this chapter, the 
elevations of the water surface and the bed were both finally obtained as  
elevations on the carriage point gauge scale. Thus the carriage ra i ls  
a r e  the datum to which all subsequent elevations are referred. The 
depth a t  each station is then the difference between the elevation of the 
Fig. 3 - 12. Bed-leveler for 60 -foot 
flume. 
water surface and the elevation of the sand bed a t  that station. The 
mean velocity a t  a station i s  the discharge divided by the a rea  based 
on the depth at that station, The elevation of the energy grade line a t  
each station is given by 
x r 2  
where 
e = elevation of the energy gradient on the point gauge scale 
y = elevation of water surface on point gauge scale 
- 
a = Coriolis coefficient. 
The Coriolis coefficient was taken a s  unity in these experiments since 
a small e r r o r  in a has a very small effect on e. 
With the water surface elevation, bed elevation, depth, velocity, 
and energy gradient elevation known for each computation station, the 
problem remaining is the determination of the mean depth, mean 
velocity and slope of the energy grade line for the reach of equilibrium 
flow. To this end, a graph like that shown in figure 3-13 was made for  
each preliminary and each final run. In this summary graph the elevation 
of the sand bed, water surface, energy gradient and the depth a r e  plotted 
for each computation station. An example of a summary graph i s  given 
for R u n  4-22. This was a run in the 60-foot flume which had well 
developed antidunes and frequently breaking stationary waves over the 
entire length of the flume. The graph shown in figure 3-13 would be 
described a s  average with respect to scatter of the points. As the 
velocity increased and the amplitude of the waves and frequency of wave 
breaking increased, the scatter of a l l  points, and particularly that of the 
energy gradient points, also increased. This problem will be discussed 
below. 
Inspection of the summary graph f i rs t  showed which stations 
were under the influence of the flume entrance or exit and should be 
excluded in  determining the flow parameters. In Run 4-22, the initial 
drop in the water surface elevation indicates that stations 4 and 9 should 
not be included. Similarly, the r ise  of the water surface at station 54 
indicates that i t  i s  under the influence of the flume exit and i t  i s  not 
included. Thus, for Run 4-22, stations 14 through 49 a re  selected as  

those to be used in  computing the depth, velocity, and slope. In most 
runs, the f i rs t  two stations were not used, and in  some high Froude 
number runs, a s  many a s  four stations were excluded. Never more 
than two stations a t  the downstream end were excluded and often no 
stations appeared to be influenced by the exit. The stations remaining 
constitute the computation section for the run. 
The relative slopes (slope with respect to the carriage rai ls)  
of the sand bed, water surface, and energy grade line in the computation 
section were then determined by fitting by eye the straight lines giving 
the best fits through the respective points. The slopes of each of these 
quantities should be the same since any nonparallelism between the bed 
and water surface will cause local deposition or scour which will tend 
to make the depth constant along the length of the flume. In Run 4 -22, 
(figure 3-13) the relative slopes of the energy grade line, water surface 
and sand bed a r e  seen to be -0.00036, -0.00024 and -0.00028 respective- 
ly. The flume slope for this run was 0.0070 and thus the three different 
total slopes a r e  0.0066, 0.0068 and 0.0067 respectively. The average 
water surface slope determined from the manometer board for this run 
was 0.0070. The average of these four slopes, 0.0068, is the slope that 
was taken as the slope of the energy gradient for this run. 
In runs with violent wave activity the scatter of the computed 
energy gradient points was so large that no attempt was made to fit a 
straight line through them. The large scatter of the computed energy 
grade line points can be explained from a relation developed by Brooks 
(22). He has shown that the slope of the energy gradient can be 
expressed as 
where 
S = slope of e-gy gradient 
Sf = flume slope 
y = elevation of the water surface relative to the carriage rai ls  
yb = elevation of bed relative to the carriage rai ls  
x = distance along flume 
v 
F = Froude number = 
~~8 
Now the bed elevation i s  based on a single bed profile made at the con- 
clusion of the run. As was discussed in the preceding section, an 
attempt was made to  stop the flume when wave activity was at a minimum 
so that the bed would be as flat as possible and the bed profile would not 
be influenced by including an extra segment of an antidune trough or 
cres t  in a section. But in runs with radical wave activity this became 
extremely difficult to accomplish since waves reformed a s  soon a s  they 
broke and there was no period during which the bed was flat. Thus the 
bed profile became more erra t ic  since i t  was impossible not to include 
a segment of an extra c res t  or  trough in a section. This situation was 
made worse by the antidunes becoming longer and higher at higher 
velocities with the result that a larger volume of sand was included in 
each one. The net result  of these anomalies in the bed profile is to 
give high local values of - dyb which, when multiplied by the square of dx 
the Froude number which was also large in  these cases,  gives a large 
irregularity in the computed elevation of the energy gradient. In these 
runs i t  was often not possible to fit a straight line to the bed profile 
either and the slope was based only on the water surface elevation and 
the slopes determined from the manometer board. 
In runs which had very little o r  no wave activity, the slope of 
the energy gradient was taken a s  the slope for the run. 
In al l  runs, the individual slopes used to determine the slope for  
the run agree-d with the average of these slopes to within seven percent 
and i t  is believed that the average value gives the true slope of the energy 
gradient to within five percent. 
The depth for the run was taken as  the average of the depths in 
the computation section. Thus 
where n is the number of computation stations. This can also be 
written as  
But the last term is the mean bed elevation over the length of computation 
section. Thus the average depth for the computation section i s  not 
subject to the e r ro r s  due to local irregularities in the bed profile 
which affected the depths computed for the individual stations. In some 
of the high Froude number runs, the depths for the individual computa- 
tion sections differed by as much a s  0.010 ft but i t  is believed that the 
average depth computed from equation 3-3 i s  correct to the same accuracy 
a s  the water surface elevation, i. e. $0.004 ft for runs in which the wave 
height was less  than half the depth and 9.006 ft for runs with high waves 
and active breaking. 
and 5-18 
The mean velocity, V, for all  runs except 5 -11, 5 -12, 5 -13 
is simply the discharge, Q, divided by the area ,  or 
Q v = -  bd (3-5) 
where b i s  the flume width. 
Runs 5 -11, 5 -12, 5 -13 and 5 -18 were carried out a t  very low 
depths (d< 0.1 ft) which resulted in velocities in the return pipe which 
were much lower than those in the flume. Consequently, sand deposited 
in  the return pipe and venturi meter  to a depth of about two inches making 
discharge measurements with the venturi meter impossible, The 
velocity in these runs was determined by measuring the time required 
fox a small wooden float, 1/41' x 1/4" x 1/2", to travel between stations 
5 and 25 a t  the centerline of the flume. Five or more determinations of 
this time were made and these always agreed with the average of all 
values to within four percent. To determine the mean velocity, i. e. , 
Q/bd, i t  was necessary to know the relation between the centerline 
surface velocity and the mean velocity. The von Karman universal 
velocity defect law gives this relation. Thus for these runs 
-.- 
v = v  
max - iT 
where 
V = velocity a t  centerline of surface a s  determined from 
m ax 
measuring float velocities 
U* = shear velocity 
k = universal constant. 
For  water transporting sediment, k varies from 0. 2 to 0.4. In 
computing V from equation 3 -6, k was taken as  0.3. This procedure 
was used only in the four runs mentioned above. 
3-10. Measurement of Total Sediment Load 
In al l  runs, except Runs 5-13 and 5 -18, the total sediment dis- 
charge was determined by withdrawing from the flume representative 
samples of the water-sediment mixtures. In all runs except 4-1, 4-3, 
4-6 and 4-7,  twelve o r  more one -liter samples were withdrawn from 
the flow, spaced over a period of 30 minutes or  longer. In the early 
runs of Series 4 mentioned above, only eight or nine samples were taken- 
The concentration of sediment in these samples was determined 
by filtering each sample through filter paper, then oven-drying and 
individually weighing the sediment collected in each sample to the nearest 
ten milligrams with an analytic balance, The average of al l  sample 
weights for  a run was taken as the sediment concentration in  grams per 
liter. It was found that the standard deviation of the weights of the 
samples was about ten percent of the average of all samples in a set. 
The methods used in withdrawing the samples from the flumes 
will now be described. 
a. 61) -foot flume. Samples of the water -sediment mixture were 
siphoned from the lower part of the pump well through the samplers 
shown in figure 3-14. The intakes of the sampler were located in the 
vertical section of pipe just above the pump. The samples were 
siphoned through the intakes and the vertical tube and then through a 
section of transparent tubing which discharged into a one -liter bottle. 
The head on the siphon was adjusted to give the same velocity in the 
entrances to the sampler intakes as  the mean velocity in the c ross  
section from which the samples were withdrawn. A further requirement 
was that the velocity in the sampler be high enough to prevent internal 
deposition. For  the range of discharge possible in the flume, these 
requirements necessitated the use of three different samplers. The 
characteristics of the samplers given by Vanoni and Brooks (1) a r e  
summarized in table 3-1. 
To compensate for any non-uniformity of concentration across  
the section from which the samples were withdrawn, the sampler was 
Fig. 3 - 1 4 .  Total load samplers  
for  60-foot flume. 
T able 3 -1 
Characteristics of Total Load Samplers for  60-foot Flume 
Sampler 
No. of intakes 
Intake opening, in. 
Vertical tube I. D. , in. 
Flume discharge, cfs min. 
max. 
Time required to collect max. 
one -liter sample, sec. min. 
Distance from vertical tube to intakes = 2.7 in. for all 
samplers. 
moved slowly but continuously around in the section during sampling. 
A l i ter  of clear water was added to the flume after each sample was 
taken to keep the depth in  the flume constant. The siphon was always 
allowed to run several minutes before samples were collected to allow 
the sediment flow in the sampler to reach equilibrium. The plastic 
tubing which ran from the sampler to the collection bottle was held a s  
nearly vertical a s  possible to prevent deposition in it. 
The bottle in which the sample w a s  collected rested on a platform 
which could be moved vertically in a rack to give the required head on 
the siphon. This sampler rack and its appurtenances can be seen in 
figure 3-3. The end of the siphon tube was connected to a two-way 
swing - spout above the bottle. In one position, the swing -spout directed 
the flow into the bottle while in the other position, it  passed the flow 
into a bucket. A switch activated by the swing-spout started an electric 
timer when the flow was diverted into the sample bottle and stopped the 
timer when the valve was pushed back. This gave an accurate measure 
of the time required to withdraw the sample. 
b. 40 -foot flume. In all  runs in the 40-foot flume, except Run 
4-1, the samples were withdrawn through a sampler placed in the 
vertical section of the transition at the upstream end of the flume. 
This sampler is shown schematically in figure 3-15 and the setup used 
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NO. 4 MESH TURBULENCE SCREENS 
Fig. 3-15. Longitudinal section of 40-foot flume a t  upstream 
end showing box inlet and sediment discharge sampler. 
in sampling from this flume can be seen in figure 3-3. The sampler 
tube was made of l/4-inch hard-drawn copper tubing and had an opening 
of 3/16 inches. The wall of the tubing at the opening was beveled to 
give a knife edge. The sampler could be moved across practically the 
full width of the section, Two layers of 4-mesh screen were placed 
ten inches below the sampler inlet in an attempt to distribute the sedi- 
ment evenly across  the section and break up concentration gradients 
resulting from the heavy concentrations near the bottom of the horizontal 
return pipe being carried into the transition, Although this sampling 
arrangement was far  from ideal, the arrangement of the equipment 
precluded a better choice. 
During the sampling, the head on the tube running from the 
sampler to the sample bottle was adjusted so that the velocity of the 
flow entering the sampler was the same a s  the mean velocity in the 
r iser .  Three one-liter samples were taken a t  each of five sampler 
positions spaced 1-1/8 inches apart. I t  was found that a concentration 
gradient persisted across the r i se r  despite the two screens. The con- 
centration at the center of the section was usually about ten percent 
higher than that near the wall corresponding to the bottom of the return 
pipe and often twice a s  large a s  that a t  the opposite wall. However, the 
average of all samples gave concentrations which agreed fairly well with 
samples f rom equivalent runs in the 60-foot flume and this average was 
used, 
In Run 4-1, a simple bent tube sampler with an inlet diameter of 
0.31 2 inches was used in the pump well of the 40-foot flume. This is 
the same sample which was used by Brooks (20, 22) ,  Nomicos (23) and 
Vanoni and Brooks (1) and has been described and discussed by these 
authors. It was not used in the later  runs in the 40 -foot flume because 
of the surging which occurred in the small  pump well. The new large 
pump well, which was installed after Run Series 5 was completed, 
reduced the surging but had no straight section which was suitable fo r  
sampling. 
3 -1 1. Wave Length Measurement 
In al l  runs except 5 -1 through 5 - 12, the wave length of the 
stationary waves (and thus of the antidunes also, as was discussed in 
chapter 2) was determined during the run by measuring the length of 
channel occupied by some integral number of waves a t  a given instant. 
This procedure was repeated at least  five times and often twenty times 
or more during each run. Waves in the f i r s t  ten feet of the flumes were 
never included a s  they were apparently affected by the entrance. 
This procedure i s  not very accurate for several reasons. 
Fi rs t ,  since the waves were rather long and flat, i t  was difficult to 
determine the position of a c r e s t  or trough to within an interval of less  
than about one-tenth of a wave length. This e r r o r  is magnified by the 
fact that the waves often occurred in trains of only seven or  eight waves. 
Since the end waves were not used in the determination, this left only 
five or  six waves among which the e r ro r  due to the locations of the f i rs t  
and last  waves was divided. A further difficulty arose a t  higher 
velocities when the waves would form and break so rapidly that only a 
few waves could be counted before the pattern would disappear. 
The wave length reported i s  the average of the wave lengths 
determined by the individual wave counts. It was found that the values 
corresponding to the individual determinations seldom differed from the 
average of all  values by more than ten percent. At the lower velocities, 
the values usually fell  within five percent of the average. The average 
value is believed accurate to about five percent. 
In runs 5 -1 through 5 -1 2, no wave counts were made during the 
run. The wave lengths were later  scaled from photographs or determined 
from detailed bed profiles which were made in some runs before the bed 
was leveled. It i s  estimated that the accuracy of these determinations 
i s  about the same as  that of the measurements made during the run. 
3 - 1 2. Photographs 
Since one of the objectives of the laboratory study was to obtain 
descriptions of the bed and water surface behavior of the various regimes 
of flow, extensive use was made of both still and motion photography. 
For  all runs, still  and motion pictures of all significant features of the 
water surface and bed behavior were taken through the windows in the 
sides of the flumes. For  certain runs, still photos were also taken of 
the bed features after the pump had been stopped. In all photos taken 
through the window, a steel tape graduated in inches and fractions was 
placed along the bottom of the window to provide a reference scale and 
a coordinate system. Overhead still photographs were taken in all  runs 
which had pronounced wave activity. Overhead motion pictures were 
also taken in several runs. Several of the still photos obtained a r e  
shown in  chapter 4. The motion pictures were studied in  detail during 
and after the laboratory study to compare the visible effects of flow 
parameters and sand size on the flow behavior. A motion picture film 
which shows the formation, growth and breaking of stationary waves has 
been prepared for Runs 5-14, 5-16, 5-17 and 4-28. 
3-13. Calculation of Bed Shear and Friction Factor 
In an infinitely wide uniform flow the shear s t ress  exerted on 
the bed is equal to the component of the weight of the fluid along the bed, 
T~ = ySd (3  -7) 
where 
T = shear s t ress  on the bed 0 
y = unit weight of fluid. 
When the width of the channel is finite, the shear s t ress  on the walls 
must also be taken into account. If the cross  sectional a r ea  of the 
stream is A, then the component along the channel of the fluid weight 
is yAS per unit length. This must be resisted by the shear force over 
the wetted boundary. L€ the average value of the shear s t r e s s  over this 
boundary is 7 then the resisting force per unit length of channel is 
& 
0' 
z p where p i s  the wetted perimeter. Equating these two forces, the 
0 
result is 
- 
T = yrS 
0 (3-8) 
where r is the hydraulic radius, A / ~ .  
The value of the shear s t ress ,  T~ o r  7 must be related to 
0' 
the mean velocity of flow in  the section to be of any value in designing 
or  analyzing fluid systems. The relation between the shear s t ress  and 
the velocity depends on the shape of the section, the roughness of the 
walls, and the properties of the fluid. In open-channel flow, this relation 
i s  usually expressed by empirical relations such as the Cheay equation 
v = c -  (3-9) 
in which C is a dimensional constant which must be determined ex- 
perimentally and which depends on the quantities mentioned above. The 
relation for C which will be used here is given by the Darcy-Weisbach 
equation which can be written as 
Here the friction factor, 
C but i s  dimensionless. 
3-10, the average shear 
(3-10) 
f, depends on the same factors a s  Chezy's 
Lf equation 3-8 i s  substituted into equation 
s t r e s s  can be expressed as 
This can be put into a more convenient form by 
velocity, U*, defined a s  
(3-11) 
introducing the shear 
The substitution of equation 3 -1 1 into equation 3-1 2 yields 
Equation 3-10 relates the mean velocity to the mean shear 
s t ress  on the boundary of the flow and in this form can only be applied 
to cases in which the wall roughness is the same for al l  surfaces. In 
the case  of flume experiments, the roughness of the flume walls remains 
constant while the roughness of the sand bed varies over a wide range 
depending on the bed configuration. Since it is the shear on the bed and 
the friction factor of the bed that a r e  of interest,  these expressions 
cannot be used in their present form. Rather, some procedure must 
be used which will separate the wall effects from the bed effects. Such 
a procedure has been devised by Johnson (24) and modified by Brooks 
(22). The procedure given by Brooks will be outlined here. 
The principal assumption involved is that the c ross  section can 
be divided into two areas.  In one the flow i s  resisted only by the bed 
while in  the other i t  is resisted only by the walls. Associated with 
each of these areas  is a different roughness which is assumed 
homogeneous for each section. The wall roughness i s  known and the 
bed roughness is sought. Further, it is assumed that equation 3-10 
can be applied to each section individually, and that the mean velocity 
and slope of the energy gradient are  the same for both sections. Thus 
A = Aw t Ab 
where 
A = area in which the flow is resisted only by the wall 
W % = area in  which the flow is resisted only by the bed. 
From equation 3 -10, 
and 
Here again, the subscripts b and w pertain to the bed and wall re -  
spectively. Substituting equation 3-15 into equation 3-14 and substituting 
for A from equation 3-10, the result i s  
P' = pbfb + pWfw* (3-16) 
Since fb is the only unknown, equation 3-16 can be solved to yield 
If the channel i s  rectangular, the relations p = 2d + b, pw = 2d, and 
Pb = b may be substituted and equation 3-17 becomes 
2d fb = f t T  (f -fw). (3-18) 
The only remaining problem i s  to determine fw. To this end, 
consider the Reynolds numbers for the three sections, 
4rbV 4rwV 
Rb = - - * R w - -  4r V 
V ' 
and R=-, 
v 
where v i s  the kinematic viscosity. Since V i s  the same for all 
sections, equation 3 - 19 becomes 
If expressions 
are  solved for 
ratios become 
of the form of equation 3 - 10 for each of the three sections 
rb, rw, and r and substituted in equation 3-20, the 
Since R and f a r e  known, equation 3-21 can be used to compute 
~ ~ / f ~ .  Then fw can be obtained from a pipe friction diagram by trial 
and e r r o r  i f  the wall roughness is known. Assuming smooth walls, the 
graph shown in figure 3 -16 has been prepared by Brooks (22) so  that 
f can be obtained directly. The value of fw can now be used in 
W 
equation 3-18 to get the bed friction factor, fb. Also, equations 3-20 
and 3-21 can be solved for rb and the bed shear velocity can then be 
computed as 
It  is realized that the side-wall correction procedure is not 
strictly applicable to the case  in which the flow is both non-uniform and 
unsteady. Indeed, the division of the shear between bed and walls i s  
quite artificial and open to much question even in the case of steady 
uniform flow. In the case of flow over antidunes the depth and thus the 
distribution of shear between bed and walls changes continuously with 
time and distance and the computed bed shear will represent some sor t  
of an average. However, i t  is desirable to make the correction to put 
the results from different flumes on a comparable basis. 
3 - 14. Reproducibility 
The reproducibility of the runs was continually checked by 
comparing the results of the las t  preliminary phase and the final phase 
of each run. In pkactically al l  cases,  the reproducibility was found to 
be within the limits of the estimated accuracies discussed earl ier  in this 
chapter. A typical example is given in  table 3-2  which compares the 
results of a preliminary phase and final phase of Run 4-28, a run in 
the 40-foot flume. The objectives of this run were d= 0.150 f t ,  
V = 2.52 ft/sec and F = 1.15. 

Table 3 -2  
Example of Reproducibility of Runs 
Run 4-28 
Phase Preliminary Final 
Date 9-11-59 A.M. 9-11-59 P.M. 
Depth, f t  0.150 0.148 
Velocity, ft/sec 2.54 2.55 
Flume Slope 0.0065 0.0065 
Energy Gradient Slope 0.0065 0,0066 
Wave Length, ft  1. 27 1.27 
3-15, Sand Characteristics 
. .-- 
Two different sands were used in this investigation: Sand 1, 
which had a geometric mean diameter of 0,549 mm, for Run Series 5; 
and Sand 2, which had a geometric mean diameter of 0.233 mm, for Run 
Series 4. The sieve analysis procedure and the sand characteristics 
will be described in this section. 
a. Sieve analyses. At intervals during the laboratory inve st i  - 
gation, samples of sand were removed from the flumes by forcing a 
metal cylinder, about two inches in diameter, into the bed until i t  
penetrated to the channel floor. All of the sand contained in the 
cylinder was then removed. Samples were taken a t  three locations in 
the 40 -foot flume and four locations in the 60 -foot flume. The samples 
were then dried and a representative portion of the composite was ob- 
tained by splitting the composite into successive halves wich a Jones 
sample splitter until a sample of 40 to 50 grams remained. A sieve 
4 
analysis of ths  sample was then made using a $ - series of standard 
ten-inch Tyler laboratory sieves which were shaken for fifteen minutes 
on a Tyler Rotap Machine. Each sieve f r ac~ ion  (sand contained between 
successive sieves) was then weighed to the nearest  ten milligrams on 
an analytic balance. 
A similar  sieve analysis was performed on the composite of all 
sediment samples collected during each run. 
b. Analyses of sands used in experiments. Both of the sands 
used in this investigation were predominantly quartz (specific gravity 
= 2 .65 ) .  They were obtained from a foundry supply house and given 
no further processing except washing in the flumes. Sand 1 is  a 
natural sand of the St. Peter formation and is marketed commercially 
as  "Ottawa Sandft. Photomicrographs of the sands a re  shown in figure 
3-17. Sand 1 is quite rounded while Sand 2 i s  much more angular. 
The distributions of the sieve sizes of the sands are  shown 
graphically in figure 3 - 1 8 plotted on logarithmic -probability paper as  
suggested by Otto ( 2 5 ) .  The fact that the distributions plot a s  straight 
lines, except for the tails, indicates that the logarithms of the sieve 
diameters of the sands are distributed according to the normal e r ror  
law. This distribution i s  completely defined when the geometric mean, 
D = D and the geometric standard deviation, LT a re  known. 
g 
The geometric standard deviation is given by 
g ' 
where 
D50 = size for which 50 percent of the sand i s  smaller 
D15. 9 = size for which 15.9 percent of the sand i s  smaller. 
The changes in D and (r for the sands during the investigation were 
g g 
not significant for either sand. 
The properties of the sands used in this investigation are 
summarized in  table 3 -3. 
Table 3-3 
Summary of Sand Properties 
Sand 1 Sand 2 
Geometric mean sieve diameter, D , mm 0.549 0,233 
f3 
Geometric standard deviation, .!T 1.14 1,47 
g 
Specific gravity 2.65 2,. 65 
Shape rounded subr ounded 
Used in Run Series 5 4 
(a) Sand 1 (D = 0.549 mm). 
g 
(b) Sand 2 (D = 0. 233 mm). 
g 
Fig. 3 -1 7. Photomicrographs of sands 
used. (Magnification: 10  times. ) 
.074 .I04 ,147 .208 .295 .417 .589 .833 
SIEVE OPENING, mm. 
Fig. 3-18. Sieve analyses of sands used. 
CHAPTER 4 
EXPERIMENTAL RESULTS 
In the f i r s t  section of this chapter the general plan of the 
experimental program will be explained. The experimental results 
will then be presented in three interrelated sections. In section 4-2, 
some general features of high velocity flow over a sand bed will be 
discussed. This will supplement the general description given in 
chapter 1. In section 4-3, two systematic sets  of runs will be described 
in some detail and illustrated with photographs. These descriptions will 
show the succession of bed and surface configurations for a constant 
depth as velocity i s  increased. A summary of configurations for all  
runs and measured wave parameters will also be given. In section 4-4, 
the roughness and sediment transport characteristics of the laboratory 
stream will be presented and the roughness will be related qualitatively 
to the water surface configuration. 
4 - 1. General Outline of Experiments 
The flume experiments can be divided into three groups a s  
follows : 
Group 1. Experiments in the 40-foot flume using Sand i 
(Runs 5 - 1 through 5 - 18) 
Group 2. Experiments in the 40-foot flume using Sand 2 
(Run 4-1 and Runs 4-24 through 4-38) 
Group 3. Experiments in the 60-foot flume using Sand 2 
(Runs 4-3 through 4-23). 
Certain run numbers a r e  missing (e. g. 4-2) so there i s  not a continuous 
sequence. The missing numbers represent special experiments which 
a re  not reported here. 
The main theme of the experimental program was to conduct a 
set of runs in each group at a constant depth of approximately 0.15 ft. 
At this depth runs were made with Froude numbers ranging from about 
0.75 up to the limiting value imposed by the behavior of the flow or 
capacity of the equipment (less than 2. 0). To study the effect of depth 
of flow, several runs were made in each group at depths of 0.25 and 
0.35 ft. In addition, several runs were made in each group at scattered 
values of depth and Froude number, 
4-2. Some General Features of High Velocity Flow over a Sand Bed 
Numerous photographs will be presented in the next two sections 
to illustrate the different bed and water surface configurations. To 
show the range of behaviors encountered, most figures will show several 
photographs of the run being illustrated. The side views through the 
window will in general show the most uniform flow condition, a conditian 
of well developed waves, and the condition of maximum wave amplitude 
or wave breaking. Except where noted, the flow is from le f t  to right. 
In most cases top views will also be given. 
a, Formation of stationary waves and antidunes. The first  
question that naturally arises is why do antidunes and stationary waves 
ever farm. Apparently the chain of events is as follows. Some dis - 
turbance gives rise to a stationary surface wave. This disturbance 
can arise from a protuberance on the bed, such as a dune, or an ex- 
ternally induced disturbance of the water surface. Over a certain range 
of Froude numbers i t  was impossible (except at very small depths) to 
avoid such surface disturbances at  the inlet and outlet of the flume. If 
the depth and velocity a re  above certain limiting values the perturbation 
velocities accompanying the surface waves affect the local sediment 
transport capacity of the flow. The material under the wave troughs 
where the perturbation velocity and flow velocity a re  in the same direction 
is entrained by the fluid and deposited under the crests, where the per- 
turbation velocity opposes the flow velocity. Antidunes are  the result 
of this differential deposition. The growth of the antidunes increases the 
magnitude of the perturbation velocities which in  turn cause more 
cliff erential deposition and a further increase of the antidune amplitude. 
As the antidunes become steeper, the effect of gravity in resisting the 
sediment movement from the antidune troughs to the crests also in- 
creases. Finally a limiting antidune height is reached at  which the 
resisting effect of gravity i s  equal to ehe .ef.fect ~6 tkm ~ ~ ~ b a t t ~  ve%oc&ties. 
The limiting height depends on the depth of flow, velocity, and transport 
characteristics of the sand. If the heights of the stationary waves reach 
the critical value for breaking before the antidunes reach their limiting 
height, the waves break. 
Over a certain range of depth and velocity, it was found that 
two possible flow conditions exist. If the water and sand were admitted 
to the flume with little o r  no disturbance, the bed and water surface 
remained flat. If the water surface was given a persistent disturbance 
at the upstream end of the flume, stationary waves and antidunes 
developed over the whole length of the flume. If the disturbance was 
then removed, the waves disappeared and the flow again became steady 
and uniform. 
b. Movement of waves and propagation of waves. In the l i tera-  
ture frequent mention has been made of the upstream movement of the 
individual stationary waves and antidunes (see section 1 - 2 ) ,  and in 
section 2-6 i t  was shown that two-dimensional antidunes would be ex- 
pected to move upstream. As discussed in the next section, i t  was 
found that, depending on the depth of flow, velocity, and sand size, the 
waves can move upstream, downstream, or not at all. This movement 
of the individual waves must be clearly distinguished from the propa- 
gation of the antidune phenomenon. It was observed that antidunes 
occurred in  trains of five to twenty-five waves and that the whole wave 
train propagated downstream regardless of the direction of movement of 
the antidune s . 
Consider the train of antidunes at time t l  shown in figure 4- la. 
At the downstream end of the train, the flow coming from the antidune 
region acts on the bed to form another antidune by scour and deposition. 
Meanwhile, at the upstream end of the train, the flow coming from the 
region where the bed is flat scours away the c res t  of the upstream anti- 
dune and deposits the sand in  the adjacent trough, thus leveling the bed. 
This is the manner in  which the wave trains propagate downstream: by 
forming antidunes a t  the downstream end of the train and obliterating them 
at the upstream end. At a la ter  time t2, the train of antidunes will have 
propagated downstream to the position shown in figure 4-lb. The 
(a) Isolated t ra in  of stationary waves and antidunes at time t 1' 
(b) Stationary waves and antidunes of figure (a) at time tz  7 tl- 
Note downstream propagation. 
(c) Typical t ra in  of stationary waves and antidunes with amplitudes 
that increase  toward the center of the train. 
Fig. 4-1. Profiles of stationary waves and antidunes. 
mechanism a t  the downstream end usually works slightly faster  so the 
length of the wave train increases. However, this effect is small. 
This is analogous to the group velocity phenomenon observed 
in translational waves. If a train of gravity waves propagates in a still 
medium, i t  i s  observed that the leading waves die out and new waves 
appear a t  the r e a r  of the train. This is brought about by the rate of 
energy propagation being slower than the wave celerity. In the case 
of flow over antidunes, the waves a r e  moving upstream relative to the 
moving fluid. Thus the leading wave of the train is a t  the upstream 
end and this wave disappears. Meanwhile a t  the r e a r  of the wave train 
(the downstream end) a new wave appears. 
Actually, the wave appearance was observed to be more like 
that shown in figure 4 - l c. The wave amplitude increased from the up- 
stream end of the train, reached a maximum near the center of the 
train, and then decreased to the downstream end of the train. The 
wave length was the same for all waves. No explanation i s  given for the 
increase in wave amplitude. The oversimplified analysis of section 2-6 
indicated that the wave amplitude remains constant as the antidunes 
move. If this were the case, however, the waves would never attain 
the critical amplitude for breaking. Wave breaking, if any, occurred 
near the center of the train where the amplitude was the greatest. 
To an observer at a fixed location, the waves usually gave the 
appearance of increasing, then decreasing in amplitude, as  was 
mentioned several t imes in section 1-2. This appearance was due to 
the propagation past the observer of a train of waves with amplitudes 
that increased toward the center of the train, then decreased to the 
upstream end of the train. 
c. Wave breaking. When the waves and antidunes reached a 
certain limiting height, one o r  more of the stationary waves would 
break. The c re s t  of the wave moved upstream and collapsed into the 
adjacent wave trough, An example of wave breaking is shown in figure 
1-2. During this breaking, there was an actual momentary upstream 
movement of a segment of the flow and considerable storage of water 
occurred. The accompanying agitation of the flow obliterated the antidune 
under the wave and, when the breaking subsided, the bed soon became 
flat again. At velocities smaller than a critical value that depended on 
the sand size and flow depth, the breaking of one wave usually did not 
precipitate the breaking of adjacent waves. This will be called "isolated 
breaking". At greater depths and velocities, the breaking wave often 
rushed upstream onto the adjacent wave, thus precipitating its breaking. 
The water storage occurring in the region of breaking reduced the dis- 
charge to the adjacent downstream wave and this often precipitated i t s  
breaking. In other instances, several adjacent waves would reach their 
critical amplitude and break simultaneously. This situation in which two 
o r  more waves break at about the same time will be called "multiple 
breaking". After breaking occurred in a region, the resulting reach of 
flat bed usually divided the original wave train into two separate trains 
and propagated downstream between the two new trains. 
The waves did not always disappear by breaking o r  propagating 
out of the region. Often several adjacent waves or a whole train of 
waves would spontaneously disappear for no apparent reason. The wave 
amplitudes ~ o w l d  rapidly diminish to zero and the bed and water surface 
would become flat. 
d. Three -dimensional stationary waves. In many runs, the 
stationary waves and antidunes that formed were not of the classical 
two -dimensional form but were short-crested, three -dimensional features. 
An example of such waves is shown in  figure 4- 13. These waves were 
most common in  runs of Group 1 (coarser sand). In Groups 2 and 3 
. 
(finer sand) they often occurred as small three -dimensional waves super - 
posed on larger two-dimensional waves and were usually not the dominant 
wave form. These waves are termed "rooster tails" since in appearance 
they a r e  not unlike the so-called rooster tails which form behind racing 
hydroplanes. As was discussed in section 2-7,  they represent a super- 
position of a translational wave in the direction of flow and a standing 
wave normal to the flow. The resultant wave is stationary since i t s  
celerity is just equal to the flow velocity. 
The reason that the water-sand system assumes this configu- 
ration in prefernce to two-dimensional waves is not a t  all  clear. A 
similar phenomenon in the case of standing waves has been reported by 
Taylor (26). He too was at a loss to explain why the waves assume a 
three -dimensional form. In flow over antidune s , the rooster tails 
apparently occurred as a degenerate form of two-dimensional waves. 
For example, two -dimensional waves generated by the diffuser inlet 
of the flume would persist for several wave lengths. Then the waves 
seemed to become unstable and any small disturbance, such as  a 
small shock wave reflected off the flume wall, would cause them to 
degenerate into rooster tails. This chain of events can be seen in 
figure 4-2. Rooster tails also emerged whenever a two-dimensional 
wave became inclined to the direction of flow. As the antidunes propa- 
gated downstream, rooster tails gave rise to successive rooster tails. 
Apparently a rooster tail is a more stable configuration than a two- 
dimensional wave or else the two-dimensional waves would not tend to 
become three -dimensional. 
Figures 4 -2 and 4 - 13 give the impression that the walls of the 
flume are  necessary to support the transverse standing wave component 
of the rooster tails. That such is not the case is  clearly seen in figure 
4-3 which shows an isolated train of rooster tails in a flume which is 
eight-feet wide. These rooster tails were certainly not influenced by 
the flume walls. The boundary condition on the sides of these waves i s  
obviously not the same as that at the vertical walls when standing waves 
occur in a closed basin. It i s  perhaps more analogous to the boundary 
condition at the top of an open-ended organ pipe; i. e. , the sides of the 
rooster tails may intersect the mean water surface level at nodes. 
Rooster tails also occurred in multiple trains which were adjacent or 
separated. Such trains of waves are  shown in figure 4 -4. An example 
of the form of the bed under rooster tails is  shown in figure 4-11. The 
shape of the bed is seen to be three -dimensional in the same general 
form a s  the rooster tails. 
As their amplitudes increased, the crests of the rooster tails 
became disturbed and showed signs of breaking. This appearance would 
often persist for 30 seconds or longer. The downstream rooster tail 
of figure 4-3 illustrates this effect. It can also be seen in figures 4-10c 
and 4-13b. In addition, rooster tails often had an oscillation between 
Fig. 4-2. Top view looking upstream showing growth 
of rooster  tails f rom two-dimensional waves. Run4 -7,  
d = 0 .  195 f t ,  V = 3 .  14 ft/sec,  F = 1. 25, 0 . 2 3 3  m m  
sand, 60 -foot flume. 
Fig. 4-3. Upstream view of an isolated t r a in  of 
roos ter  ta i ls  in an  8-ft wide flume. d = 0. 279 f t ,  
V =  2.50 f t /sec,  F =  0.82,  L =  1.59 f t ,  D = 0.546 
g 
mm. (Photograph courtesy of Colorado State 
University. ) 
Fig. 4-4. Downstream view showing multiple 
t ra ins  of roos ter  ta i ls .  Run 4-1 1, d = 0. 148 ft ,  
V = 2.74 ft /sec,  F = 1. 26, G = 16.6 lb/ft-min, 
f b  = 0.0397, L = 1.45 f t ,  0.233 m m  sand, 60- 
foot flume. 
adjacent upstream and downstream waves. The peaks of the waves would 
0 bob up and down, adjacent waves being 180 out of phase. This too was 
more common a s  the waves became higher. For  lack of a better word, 
the term skittish is applied to these occasional erra t ic  types of behavior. 
e. A limiting flow condition. Above a certain critical velocity 
which apparently depended on the depth of flow and sand size, the anti- 
dune type of flow gave way to the torrential type of flow shown in figure 
4-5. The flow pattern consisted of reaches of subcritical flow on top of 
sand mounds, chutes, and hydraulic jumps repeated in  a semi-regular 
sequence. The whole configuration moved upstream at  a rate of several 
feet per minute and the shape and spacing of the large sand mounds 
changed rapidly during this movement. The flow pattern was predomi- 
nantly two-dimensional. The flow was so complex that every imaginable 
open channel phenomenon could be observed in the flume! 
In this flow, the sediment transport rate was s o  high that no 
orderly pattern of differential deposition could occur. The flow ac- 
celerated as  it  descended a sand chute and i ts  sediment transport capacity 
became so high that i t  scoured the bed completely away and exposed the 
steel bottom (see figure 4-5b). When the flow reached another sand 
mound, i t  rapidly decelerated and deposited much of i t s  sediment load on 
the upstream face of the mound. On the top of the mound the flow was 
subcritical. On reaching the downstream end of a mound, the flow again 
accelerated and eroded away the downstream face. When a jump occurred 
a t  the base of a sand chute, a small sand mound like the one shown in 
figure 4-5a resulted. 
Run 4-6 shown in figure 4-5 used the fine sand (D = 0.233 mrn). 
A run which had a larger velocity, depth and Froude number but used the 
0.549 rnm sand (Run 5-5) had a much lower transport rate and very 
moderate wave activity and surface waves which broke only occasionally. 
This illustrates the profound effect the size and transportability of the 
sand can have on the behavior of the flow. 
Only one run with the torrential type of flow was carried out. 
When this flow condition was encountered with other runs they were dis-  
continued. No systematic se t  of experiments was made at very high 
(a) Side view showing isolated sand mound. Flow from right to left. 
(b) Side view showing end of sand chute and extreme bed scour. 
Flow from right to left. 
(c) Top view looking upstream. (d) Top view looking downstream. 
Fig. 4-5. Top and side views showing torrential type of flow. 
Run4-6. d = 0.218 ft ,  V = 3.29 ft/sec, F = 1.24, G = 156 
lb/ft-min, f b  = 0.115, 0. 233 mm sand, 60-foot flume. (Note: 
Data given in figures c and d a r e  not correct.  ) 
Froude numbers to delineate the depth and velocity combination a t  which 
this condition occurs. 
4 -3. Observations of Bed and Water Surface Configurations 
Practically every run had some bed and water surface features 
which were peculiar to that run. To describe every run completely 
would be somewhat tedious and of questionable value. On the other hand, 
classifying the runs into fixed categories would disregard many features 
which a r e  essential to the understanding of the laboratory stream. To 
avoid the difficulties and still retain the best features of each of these 
approaches, a compromise will be made. F i r s t ,  a systematic se t  of 
runs from Groups 1 and 2 will be discussed in  detail and illustrated 
with photographs to give the reader a definite concept of the different 
configurations. Then, several categories of behavior will be defined 
and a summary of the configuration for all  runs will be presented in 
terms of these categories. The measured wave lengths and wave 
amplitudes at breaking will also be presented and the ranges of depth 
and velocity over which the different configurations occurred will be 
discussed. At the end of the section, a summary of observations and 
conclusions relative to the flow configuration will be presented. 
a. Examples of bed and water surface configurations of experi- 
ments from Group 1. The general outline followed in this discussion and 
the discussion of runs from Group 2 will be the same a s  that of the ex- 
perimental program. For  a depth of about 0.15 ft ,  the flow behavior 
will be described as  the Froude number increases from about 0.75 to 
2.0 for  the coarse sand and 1.5 for the fine sand. In addition, com - 
parisons will be made with runs of other depths to illustrate the effect 
of depth variation. The runs discussed in examples 1 'through 6 used 
Sand 1 (D = 0.549 mm). 
I! 
%ample 1. Run 5-2. d = 0.148 f t ,  V = 1.65 ft/sec, F = 0.75, 
fb  = 0.0703, G = 1.54 lb/ft-min, L = 0.58 ft*. See figure 4-6. The 
* Note: d = depth of flow, ft; V = mean velocity, ft/sec; F = Froude 
number; f b  = bed friction factor; G = sediment transport ra te ,  lb/ft-min; 
L = wave length, ft. 
bed features were sharp-crested, each had a separation eddy on i ts  
lee side, and they moved downstream quite rapidly (3 to 6 in/min). 
These features would be classified a s  dunes. The water surface was 
usually randomly choppy. At other times small, very narrow rooster 
tails formed and moved downstream in groups of fifteen to twenty. The 
waves never broke. They either diminished spontaneously or  moved to 
the downstream end of the flume. The coupling between the bed and water 
surface was weak since the bed features and surface waves usually 
existed independently of each other. 
Example 2. Run 5-1. d = 0. 346 ft ,  V = 2.58 ft/sec, F = 0.77, 
fb = 0.0746, G = 7.25 lb/ft-min, L = 1. 25 ft. See figure 4-7, A com- 
parison of this run and Run 5-2  (example 1) shows the effect of increasing 
the depth while keeping the Froude number nearly constant. The bed 
features of Run 5-1 were larger and more rounded than the dunes of Run 5 -2 
and moved downstream faster (at about 1 ft/min). The increased sediment 
transport rate made possible the formation of these larger bed features. 
The surface waves were also larger and more nearly two-dimensional, 
and isolated breaking was frequently observed (see figure 4-7c). When 
a wave broke the agitation accompanying i t  would persist  for ten or 
fifteen seconds, and the bed features in  the vicinity of the breaking 
reverted to sharp-crested dunes. The bed features and the water surface 
were strongly coupled since each bed feature was accompanied by a 
stationary wave. The bed features, unlike those of Run 5 -2,  were definitely 
antidunes under the definition given in chapter 1. It was found to be 
generally true that for  a constant Froude number, the amount of wave 
activity increased with depth. 
In this run (and also Run 5 -2,  example 1) the factors, whatever 
they may be, that govern the form of the bed were such that dunes 
formed. Due to the rather high Froude number, the disturbances 
caused by the dunes resulted in the formation of surface waves. The 
perturbation velocities accompanying these waves acted on the dunes 
and caused them to become larger and more rounded and sinuous as 
shown in figure 4-7c. (In example 1, the perturbation velocities were 
not strong enough a t  the level of the bed to have much effect on the dunes.) 
Thus the disturbances which caused the waves, which in turn acted on 
the dunes to give them a sinuous form, originated a t  the bed. At higher 
velocities, the disturbances originated at the surface (see example 4). 
Example 3. Run 5-10. d = 0.150, V = 2-19 ft/sec. F = 1.00, 
fb = 0.0580, G = 4.68 lb/ft-min, L = 0.85 ft. See figure 4-8. The 
irregular form of the bed shown in  figures 4 -8a, b indicates that this is 
another case in which the disturbances originated from dune -type features 
on the bed, The bed features moved downstxeam with a velocity of less  
than 2 in/min. The surface waves were usually rooster tails that were 
quite skittish and had occasional isolated breaking. The bed features 
were usually accompanied by surface waves which occasionally acted on 
the bed to form rounded antidunes a s  shown in figure 4-8c. The coupling 
between the bed and water surface would be described as  moderate. 
In Run 5-7 (F = 1.19, d = 0. 147 ft,  not shown) the irregular 
dune-type features were barely perceptible. In Run 5 -4 (F = 1.25, 
d = 0. 150 ft, not shown) they no longer could be seen. This implies that 
without the complication of surface waves the bed form would change 
&om dunes to flat a t  about F = 1.2 when the depth is approximately 
0.15 f t .  Without the dunes present to initiate surface disturbances, i t  
was found that two distinct flow configurations were possible fo r  each 
velocity and depth. This is the non-uniqueness which was mentioned in 
section 4-2a. Runs 5-16 and 5-17 will be used to  illustrate this phenom- 
enon. The upper limit of depth and velocity above which only one flow 
configuration i s  again possible will be discussed in part  d of this section. 
Example 4. Run 5-16. d = 0.154 f t ,  V = 3.45 ft/sec, F = 1.55, 
f b  = 0.0383. G = 22.5 lb/ft-min. See figure 4-9. Run 5-17. d = 0.146 ft, 
V = 3.56 ft/sec, F = 1.64, f b  = 0.0396, G = 20.6 lb/ft-min, L = 1.67 ft. 
See figures 4-10 and 4-11. 
If the sluice gate of the box inlet was adjusted to admit the flow 
to the flume with very little disturbance (see figure 4-12a), the bed and 
water surface remained flat over the entire flume length. This condition 
is shown in figure 4-9. 
When one or  more 8-mesh screens were placed downstream 
from the sluice gate, the water surface was given a small  disturbance 
as i t  emerged from the screen as shown in  figure 4-L2b. This dis- 
turbance caused the formation of a two-dimensional stationary wave and 
Fig.  4-6. Side views of flow configuration 
f o r  Run 5-2 ( t e x t  example  1 ), d = 0. 148 f t ,  
V =  1. 65 f t / sec ,  F = 0.75, G =  1.54 lb/ft-min, 
fb = 0.0703, L = 0.58 ft. 
Fig,  4-7. Side v iews  of flow configuration 
f o r  Run 5-1 ( t e x t  example  2 ) .  d = 0.346 f t ,  
V = 2.58 f t / sec ,  F = 0.77,  G = 7. 25 lb/f t-min,  
f, = 0.0746, L = 1 .25  ft.  
(a, b, c) Side views. 
(d) Top view looking downstream. 
Fig.  4-8. Side views and top view of flow configuration for  
Run 5-10 (text example 3).  c! = 0.150 ft ,  V = 2. 19 ft /sec , 
F = 1.00,  G = 4.68 lb/ft-min, fb = 0.0580, L = 0. 85 ft. 
Fig. 4-9. Side view of flow configuration for  Run 5-16 
(text example 4). d = 0.154 ft ,  V = 3.45 ft/sec, F = 1.55, 
G = 22.5 ib/ft-min, f,, = 0.0383. Compare with Run 5 -1 7 
(figure 4-1 0) which had induced stationary waves and anti - 
dune s . 
(a ,  b, c) Side views. 
(4 
Fig. 4-10. Side 
- 
. . 
R U ~  5 -17 (text example 4). ' d = 0. 146 f t ,  V = 3.56 f t /sec,  
F = 1.64, G = 20.6 lbjf t -min,  fb = 0.0396, L = 1.67 ft. 
Top view looking downstre 
views and tor, view of flow 
am. 
con digur ation
Compare with Run 5 - 16 (figure 4-9) which did not have in-  
duced stationary waves and antidunes. See figure 4-  11 fo r  
view of bed configuration. 
Fig. 4-11, Side views of bed configuration under rooster  
ta i ls  of Run 5 -17 (see figure 4-10, text example 4). The 
flume has been leveled and partially drained. 
Sluice gate 
(a) Channel entrance with (b) Channel entrance with screens 
slqice gate adjusted to ad- downstream from sluice gate to 
mit the flow with minimal generate an initial stationary wave 
disturbance. and antidune. 
F i g .  4-12. Effect of flow disturbance at the flume 
entrance on bed and water surface configurations. 
accompanying antidune from which stationary waves and antidunes 
propagated downstream in the manner described in section 4-2, At 
six to eight wave lengths downstream from the screen, the two- 
dimensional waves degenerated into rooster tails and the resulting flow 
configuration i s  shown in figure 4-1 0. When the screens were removed, 
the waves pmpagaied dswastrea-m out of the flurfne and the f k w  again 
became uniform, 
In Run 5 -17, the waves never broke and had no noticeable move 
ment. However, they were extremely skittish (see figure 4-lob, c). 
At random intervals, two or  three waves would fail to make the trans- 
formation from two-dimensional waves to rooster tails and instead, 
diminished and disappeared. Then, below about station ten the waves 
propagated past a given point in trains of five to ten waves separated by 
short reaches of uniform flow. 
In figure 4- 10d, the lighting is such that the intricate flow 
pattern over rooster tails can be seen, The flow alternately converged 
toward the peaks of the rooster tails and then diverged away from the 
flume centerline at the troughs. This alternately converging and di- 
verging flow caused the bed to assume the three-dimensional configuration 
shown in figure 4-11. The small pools of water shown in figure 4-1 1 
give an indication of the contours of the antidunes. The bed had the 
same general three-dimensional form a s  the surface waves, but the 
antidunes were not a s  high and their c res t s  were not as sharp. 
Figure 4-10c shows an interesting demonstration that rooster 
tails a r e  a superposition of waves in two different directions. At the 
centerline of the flume, the amplitudes of the two waves add to give the 
high, peaked rooster  tails and deep troughs. At the walls of the flume, 
the amplitudes a r e  of opposite sign and the surface profile i s  nearly flat. 
Example 5. Run 5-8. d = 0. 147 ft, V = 4.27 ft/sec, F = 1.96, 
fb = 0.0330,  G = 43.4 lb/ft- min, L = 2. 15 ft. See figure 4-13. The 
water surface had trains of very large rooster tails separated by reaches 
in which the bed and water surface were flat. The individual waves and 
antidunes moved very slowly upstre am. The waves were very skittish 
and isolated breaking frequently occurred (see figure 4-13c). At this 
depth and velocity, i t  was found impossible to prevent large disturbances 
at the diffuser inlet and the uniqueness of the flow configuration could not 
be investigated. However, a t  this high transport rate, even very small 
disturbances resulted in significant differential deposition and therefore 
antidunes and stationary waves were probably the only possible configura- 
tion for this flow. 
No complete runs were made a t  this depth (approximately 0.15 f t)  
with higher Froude numbers. A reconnaissance with this depth at 
higher velocities indicated that the flow became torrential a s  described 
in section 4-2e at about F = 2.25. 
Example 6. Run 5-14. d = 0.123 ft,  V = 4.65 ft/sec, F = 2.34, 
fb  = 0.0349, G = 76. 8 lb/ft-min. L = 2.65 ft. See figures 4-14 and 
1-2. This run had the highest Froude number investigated. It i s  included 
in this discussion since it  is the only run in Group 1 with a Frcude number 
greater than unity for which the waves were predominantly two -dimensional. 
The antidunes and waves moved upstream at  about 1.7 ft/min. 
Violent wave breaking occurred frequently, but the breaking of one wave 
seldom precipitated the breaking of another. Apparently the waves were 
too f a r  apart for one wave to be affected by the breaking of an adjacent 
wave. An antidune was completely obliterated when the wave above it 
broke and the resulting flat bed propagated downstream between adjacent 
trains of waves. 
Although the waves were predominantly two-dimensional, there 
was some peaking a t  the centerline of the flume, as shown in  figure 
4- l4b, which indicated the presence of a relatively small transverse 
wave. These rooster tail  effects were quite small  compared to the two- 
dimensional waves. 
b. Examples of bed and water surface configurations of runs 
from Group 2. As in  the preceding discussion, the descriptions will 
recount the bed and water surface behavior of a se r ies  of runs with a 
depth of about 0.15 ft  a s  the Froude number increases from F = 0.70. 
The runs in  the following examples used Sand 2 (D = 0.233 mm). 
g 
Example 7. Run 4-25. d = 0.157 ft, V = 1.57 ft/sec, F = 0.70, 
b = 0,0448, G = 0.68 lb/ft-min, L = 0.60 ft, See figure 4-15. This run 
had nearly the same depth and velocity as  Run 5-2 (example 1). The 
dunes which formed on the bed were not as high or as well defined as 
those of R u n  5-2, but they moved downstream faster.  Occasionally the 
surface waves were predominantly two-dimensional, a s  shown in figure 
4-15c, but rooster tails o r  a randomly choppy pattern were more common. 
Otherwise, the bed and water surface configurations of this run were 
very similar to those of Run 5 -2  (example 1). It i s  interesting that 
Run 5-2 had the higher transport rate even though i t  used a coarser sand- 
Example 8. Run 4-24. d = 0.147 f t ,  V = 2.26 ft/sec, F = 1*04, 
fb = 0.0291, G = 2.52 lb/ft-min, L = 0.91 f t .  See figure 4-16. Up- 
s tream from station 28, the bed and water surface were always flat. 
Below station 28, small rooster tails and antidunes formed periodically. 
These moved upstream very slowly and never broke, The origin of the 
surface waves was not clear in this case. It appears that the disturbance 
at the downstream end of the flume (one 8-mesh screen was used at the 
outlet) caused a train of waves to form. The amplitude of these waves 
decreased in the upstream direction and the waves could never be seen 
upstream from station 28. These waves caused the formation of anti- 
dunes and the resulting stationary waves and antidune s then propagated 
downstream and the bed and water surface became flat again. The process 
(a ,  b, c) Side views. 
(d) Top view looking downstream. 
Fig, 4-1 3. Side views and top view of flow configuration 
for  Run 5-8 (text example 5). d = 0. 147 f t ,  V = 4.27 ft/sec, 
F = 1.96, G = 43.4  lb/ft-min, fb = 0.0330, L = 2. 15 ft .  
Fig. 4-14, Side views of Run 5 -14 (text example 6). 
d = 0.123 ft, V = 4.65 ft/sec, F = 2.34, G = 76.8 
lb/ft -min, fb = 0.0349, L = 2. 65 ft. (See figure 
1-2 also. ) 
( a , b , c )  Side views. Flow f rom right to  left. 
(d) Top view looking downstream. 
Fig. 4-15. Side views and top view of flow configuration for  
Run 4-25 (text example 7). d = 0. 157 f t ,  V = 1.57 f t /sec,  
F = 0. 70, G = 0.68 lb/ft-min, fb = 0.0448, L = 0. 60 ft. 
(a ,  b) Side views. Flow f r o m  right to  left.  
(c) Top view looking downstream. 
Fig. 4-16. Side views and top view of flow configuration for 
Run 4-24 (text example 8). d = 0. 147 f t ,  V = 2. 26 f t / sec ,  
F = 1.04, G = 2.52 lb/ft-min, fb  = 0.0291, L = 0.91 ft.  
(a) Side view. Flow f rom right to left. 
(b) Top view looking downstream. 
Fig. 4-1 7. Side view and top view of flow configuration f o r  
a flow with the same depth of flow and velocity a s  Run 4-29 
(see  figure 4-18 and text example 9). The flow shown he re  
had no induced waves a t  the upstream end of the flume. 
(a ,  b, c) Side views. Flow f rom right to left. 
(d) Top view looking .downstream. 
Fig. 4-18. Side views and top view of flow configuration for  
Run4-29 (text example 9). d = 0 .154f t ,  V = 2.46f t / sec ,  
F = 1. 10, G = 10.5 lb/ft-min, fb = 0.0410, L = 1.19 f t .  
Compare with flow shown in  figure 4-1 7 which had the s a m e  
depth and velocity a s  Run 4-29 but no induced waves. 

(a ,  b, c )  Side views. Flow f rom right to left. 
(d) Top view looking downstream. 
Fig. 4-20. Side views and top view of flow configuration for  
Run 4 - 3 3  (text example 11). d = 0. 248 ft ,  V = 3.30 f t /sec,  
F = 1.17, G = 30.0 lb/ft-min, fb = 0.0288, L = 1.97 ft. 
Compare with Run 4-27 (figure 4-19, text example 10) which 
had the s a m e  velocity but a smal le r  depth of flow. 
was repeated with a period of three to four minutes, This run apparently 
represented a situation in which the exciting disturbance was downstream 
from the antidune reach. In Runs 4-28 and 4-10 waves generated in this 
way became high enough to break. The bed friction factor, fb, for this 
run was much lower than that of Run 4-25 (example 7). This decrease 
was due to the disappearance of the dunes. 
A comparison of this run and the equivalent tun from Group 1 
(Run 5 -10, example 3, figure 4-8) shows very little s rmilarity. The 
coarser sand of Run 5-10 formed dunes which createti disturbances all  
along the flume. 
Example 9. Run 4-29, d = 0. 154 ft ,  V = 2.46 ft/sec, F = 1.10, 
fb  = 0.0410, G = 10.5 lb/ft-min, L = 1.19 ft, Seg figures 4-17 and 
4-18. This flow was in the regime where two very different types of 
flow a r e  possible. A similar situation from the Group 1 experiments 
was described in example 4. If no screens were used a t  the upstream 
end of the flume to generate a persistent surface d-rsturbance, the bed 
and water surface remained essentially flat over t.he length of the flume. 
This configuration is shown in  figure 4- 17. Very small  two -dimensional 
waves formed periodically (see figure 4-17b) but these were too weak to 
form antidmes. When one or more screens were placed a t  the upstream 
end of the flume to give a persistent disturbance, stationary waves and 
antidunes propagated downstream and the flow confi~uration became that 
shown in  figure 4- 18. Run 4- 29 was carried out wit t  the screens in place 
to give antidune s and stationary waves. 
The two-dimensional waves generated a t  the s z e e n  became 
rooster tails in three o r  four wave lengths and these ustially underwent 
multiple breaking between stations 15 and 20. Two-dimensional stationary 
waves and antidunes were generated downstream from the region of 
breaking and prevailed to the end of the flume (figure 4-18d). These 
waves showed frequent multiple breaking and small superposed rooster 
tails. The stationary waves and antidunes moved slowly upstream. 
For  Run 4-24 (example 8 ) ,  f b  = 0.0291 compared to fb = 0.0410 
for Run 4-29 of this example. This increase in friction factor was 
probably due to the energy dissipation in wave breaking in Run 4- 29. 
Example 10. Run 4-27. d = 0,152, V = 3.29 ft/sec, F = 1.49, 
fb = 0.0512, G = 65. 2 lb/ft-min, L = 2. 28 ft. See figure 4-19. This 
run bordered on the torrential flow condition, Radical multiple 
breaking occurred over the whole flume regardless of the entrance 
condition. The wave breaking, such as that shown in figure 4 -1942, 
scoured out long, deep gouges in the bed. These gouges often persisted 
for 30 seconds o r  longer and resulted in the situation shown in figure 
4-19d (far right). The bed features and waves moved upstream at a 
ra te  of 0.5 to 1.0 ft/min. The further increase in fb over that of 
Run 4-29 (example 9) was apparently due to the increased rate of energy 
dissipation in wave breaking. The radical increase i n  the sediment 
transport rate over that of Run 4-29 (example 9) was due, a t  least in 
part,  to the violent wave breaking of Run 4-27 which was very effective 
in entraining the bed material. 
Example 11. Run 4-33. d = 0.248, V = 3.30 ft/sec, F = 1.17, 
fb  = 0.0288, G = 30.0 lb/ft-min, L = 1.97 ft. See figure 4-20. 
Examples 1 and 2 showed the effect of varying the depth while keeping 
the Froude number constant. A comparison of this example and 
example 10 (Run 4-27) shows the effect of keeping the velocity constant 
and increasing the depth (and thus decreasing the Froude number). 
The waves of Run 4-33 were not a s  active as those of Run 4-27. The 
multiple breakina - was not as frequent o r  as violent and the bed features 
did not move upstream as  fast. The reduced wave activity was reflected 
in fb and G which were somewhat smaller for Run 4-33 than for Run 
4-27. It was found to be generally true that, for a given velocity, the 
wave activity decreased as the depth increased. 
c. Summary of bed and water surface configurations for all 
runs. Data on the bed and water surface configurations, wave lengths, 
-
and critical wave amplitudes a r e  summarized in  table 4- 1. Within 
each group, the data a r e  generally tabulated in the order of increasing 
depth except where several runs had nearly the same depth. For  these 
depths, the runs a r e  tabulated in  the order of increasing velocity. To 
simplify the description of the configurations, several categories have 
been established and each run is classified into one of them. These 
categories and the symbols assigned to them will be discussed below. 
The quantities in each column of table 4-  1 a r e  as follows: 
Column 1. d = average depth in feet in the reach of equilibrium 
flow. This was determined from the bed and surface profiles a s  
described in section 3 -9. 
Q Column 2. V = - = mean velocity, ft/sec (cf. section 3 - 9 ) -  bd 
v Column 3. F = - = Froude number. 
v - 3  
Column 4. L = average wave length in feet measured as  dis- 
cussed in section 3 -1 1, 
ZA 
C Column 5. -= critical wave steepness at breaking. This L 
is the ratio of wave height a t  breaking to wave length (cf. section 2-5 for 
discussion of theory). The values of 2A were scaled from photographs. 
C 
No values a r e  given for runs which had predominantly three -dimensional 
waves (rooster tails) or  runs for which no good photographs of incipient 
wave breaking were obtained. 
Column 6 .  The various categories of water surface configurations 
and the symbols used to represent them a r e  a s  follows: 
f = flat water surface. 
Where a numeral appears followed by a let ter ,  the numeral re fe rs  to 
the type of wave and the letter describes the wave breaking a s  follows: 
2 = predominantly two-dimensional waves 
3 = predominantly three -dimensional waves (rooster tails). 
The following symbols a r e  always used in conjunction with "2" and "3" 
above : 
b = isolated breaking 
B = multiple breaking 
o = no breaking. 
Where numbers appear in  parentheses, they give the station a t  which a 
change of water surface configuration occurred. 
Example: Run 4-28. "f(15)2bt1 signifies that the water surface 
was flat upstream from station 15, and that downstream from that 
station, two dimensional waves occurred which broke singly. The fact 
that the surface was flat in the upstream part  of the flume and the waves 
broke singly indicates that the breaking in  the downstream part  of the 
flume was not very violent. 
Column 7. The various categories of bed configurations and 
their symbols a re  a s  follows: The f i r s t  letter denotes the form of the 
bed. 
f = f l a t  bed 
w = dunes weakly coupled with the water surface 
m = dunes moderately coupled with the water surface 
s = dunes strongly coupled with the water surface 
i = bed form was image of water surface; i. e. , i f  the water 
surface was flat, the bed was flat; if the water surface was 
wavy, the bed had antidunes. 
The second letter denotes the direction and rate of movement of the bed 
features: 
d = bed features moved downstream slowly 
D = bed features moved downstream rapidly 
u = bed features moved upstream slowly 
U = bed features moved upstream rapidly 
o = features did not move 
N = direction of movement was not observed. 
The division between slow and rapid movement was taken a s  about 
0.3 ft/min. 
Example: Run 4-28. The water surface was flat upstream from 
station 15 and had two-dimensional waves downstream from station 15. 
The symbol "iu" indicates that the bed was flat upstream from station 
15 and had two-dimensional antidunes downstream from station 15, and 
that the antidunes moved upstream at a rate of less than 0.3 ft/min. 
Column 8. Uniqueness refers  to the possibility of more than one 
flow condition existing for a given depth and velocity (cf. examples 4 
and 9, section 4-3). 
I = only one flow condition was possible 
11 = two flow conditions were possible. Bed and water surface 
remained flat if flow was undisturbed; stationary waves and 
antidune s formed otherwise. 
N = failed to determine uniqueness. 
- ( ~ k x t  cont iked on page XQ2 ) - 
TABLE 4-1 
SUMMARY O F  BED AND WATER SURFACE CONFIGURATIONS 
1 
d 
Depth 
f t  
2 
v 
Velocity 
f t / s ec  
Shown in Bed 1 Config. Uniqueness 
Group 1: Sand 1 ( 
Run 
No. 
I I I 
= 0.549 mm) in 40-foot Flume 
1.33 
1.60 
1.67 
2. 15 
2.00 
Group 2: 
f 
f 
f 
30(20)f 
2b 
30 
3b 
30 
30 
3b 
f 
30 
3b 
2b 
3b 
2b 
Sand 2 (1 
3-8, s i l l  
6-8, sill 
Gate 
3-8 
3-8 
1-8 
- - -  
4-8, s i l l  
Gate 
Gate, 2 4  
3-8, s i l l  N 
I 
N 
I 
mm) in 40 
L mt Flume 
f l I  - - -  I 2 
= 0.233 mm)  60-foot Flume 
Table 4-1A 
Remarks Pertaining to Table 4 - 1  
Numbers correspond to those tabulated in last column of Table 4- 1. 
(1) A wooden sill, 30 inches long and 1 -5/8 inches high was placed 
on the floor of the flume just downstream from the flume inlet. 
The upstream end of the sill was beveled. The screens were 
placed just upstream from the sill. 
Run 5-18 had essentially the same depth and velocity a s  Run 5-13. 
In Run 5-13, no screens were placed at  the downstream end of 
the sill  and the bed and water surface were flat over the whole 
length of the flume. In Run 5 - 18, three additional screens were 
placed at the downstream end of the sill, Rooster tails then 
formed from the sill to station 20 and the flat bed and water 
surface persisted from station 20 to the end of the flume. (The 
sill used i s  described under Remark No. 1. ) 
Many well-defined rooster tails were superposed on the two- 
dimensional waves (cf. figure 4 -4). 
This run had the torrential flow shown in figure 4 -5. The depth 
was calculated from volumetric considerations of the amount of 
sand and water in the open channel part of the flume. 
The dunes of this run had very little effect, if any, on the free 
surface. 
The condition under which the run was carried out can be determined 
from the water surface description. 
Column 9. Upstream condition. In sections 3-1 and 4 -3 
(examples 4 and 9) the effect of using screens a t  the flume inlet was 
described. This column gives the number of screens used and their 
mesh, a s  well a s  any other special features of the entrance. The word 
"Gate" refers  to the sluice gate of the box inlet. The word "sill" refers  
to the sill described in  section 3 -1 and remark no, 1 of table 4-1A. 
Example: Run 5-17: "Gate, 2-8" signifies that the sluice gate 
was placed just upstream from two screens which had eight openings per 
inch. 
Column 10. The flume entrance and pump well used for  each 
run a r e  specified in this column. On the 40-foot flume two different 
entrances and two different exi ts  were used. The entrance and exit 
combinations a r e  denoted by the following symbols : 
x = diffuser entrance and small pump well (cf, figures 3-2 and 3-4)  
y = box inlet (cf. figure 3 -3) and small pump well 
z = box inlet and large pump well (cf. figure 3-5). 
The same entrance and pump well were used for all runs with the 60 - 
foot flume (cf. figures 3-7 and 3-8). 
Column 11. If a photograph of the run appears, i t s  figure number 
i s  given in this column. 
Column 12. Remarks. The numbers refer  to the remarks listed 
in  table 4-l A, page 101 . 
Where entries a r e  missing in table 4-1, either the item does not 
apply o r  the quantities were not obtained, Additional quantitative data 
for the laboratory experiments a r e  given in table 4-2, section 4-4a. 
d. Relation between water surface configuration and depth and 
velocity of flow. The configuration data given in  table 4-1 a re  plotted 
against depth and velocity in figures 4-21, 4 -22 and 4-23. Lines of 
constant Froude number a r e  shown on each graph. 
In the depth range investigated, the following conclusion about 
the experiments in  the 40-foot flume with the 0.549 mm sand can be 
drawn from figure 4-21: 
-/Ip LEGEND I 
o Flow unique 
Flow not unique 
l'1 @ Uniqueness not investigated 
Upper symbol: Water surface configuration 
Lower symbol: Bed configuration 
Sand 1 ,  D9 50.549 mm 
DEPTH, FT 
Fig. 4-21. Bed and water  surface configurations vs. depth and velocity 
for  runs of Group 1.  (See pp. 98 and 99 for  definitions of symbols . )  
(1) For  a given depth and velocity, two flow conditions a r e  
possible for Froude numbers between approximately 1.3 and 2.0. In 
this range, the flow i s  steady and uniform if there i s  no persistent 
disturbance which causes stationary surface waves to form. If such a 
disturbance exists, antidunes and stationary waves form. In the depth 
range investigated, the lower limit on the Froude number, F = 1. 34 
corresponds approximately to the upper end of the regime in which dunes 
form on the bed. At lower Froude numbers, the dunes initiate the 
surface waves. 
(2) Waves usually break one at a time, i. e. the breaking of a 
wave seldom precipitates the breaking of adjacent waves. 
(3) If waves form, the amount of wave activity increases with 
depth for a constant Froude number. 
(4) If waves form, the amount of wave activity increases with 
increasing velocity for a constant depth. 
(5) In the ranges of depth and velocity investigated, rooster 
tails a r e  overwhelmingly the predominant wave form. 
(6) The bed configurations move downstream if the Froude 
number is less than 1.3, upstream if the Froude number is greater  than 
1.8, and do not move if the Froude number i s  between these values. 
(7) At depths less than 0.1  ft  the bed and water surface a r e  
flat for even very high Froude numbers (F greater than 1.75). Runs 5-1 1, 
5 - 12 and 5 - 13 had this type of flow. If the entrance was disturbed to 
induce antidunes and stationary waves they persisted for 15 to 20 wave 
lengths, downstream from which the bed and water surface again became 
flat  (see Run 5 -1 8). 
The following conclusions a r e  drawn from figures 4-22 and 4-23 
and apply to the runs of Groups 2 and 3 which used Sand 2, D = 0.233 
g 
mm. 
(1) For  a given depth and velocity, two flow conditions a r e  
possible for Froude numbers between approximately 0.8 and 1.2. At 
smaller Froude numbers there exists a regime in which the bed and water 
surface a r e  flat and waves cannot be induced. 
(2) If stationary waves form, they usually break. The breaking 
i s  usually isolated if the Froude number is less  than about 1.1 while 
LEGEND 
o Flow unique 
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a Uniqueness not investigated 
Upper symbol : Water surface configuration 
Lower symbol : Bed configuration 
Sand 2, Dg ~0.233 mm 
4 0 - foot flume 
DEPTH, FT 
Fig. 4-22 .  Bed and water surface configurations vs .  depth and velocity 
for runs of Group 2. (See pp. 98 and 99 fo r  definitions of symbols.) 
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Fig. 4-23. Bed and water  surface configurations vs. depth and velocity 
for  runs of Group 3 .  (See  pp. 98 and 99 for  definitions of symbols.) 
multiple breaking predominates a t  higher Froude numbers . 
(3) If waves form, the amount of wave activity increases with 
flow depth for a constant Froude number. 
(4) If waves form, the amount of wave activity increases with 
increasing Froude number. 
(5) Fo r  Froude numbers greater  than about 1.1 there is no 
apparent difference in the configurations between equivalent runs in the 
two different flumes. At smaller Froude numbers, the differences, if 
any, a r e  masked by the differences in the flume inlets. 
(6) In the ranges of depth and velocity investigated, two- 
dimensional waves a r e  the dominant water surface configuration. 
(7) The bed features move upstream if the Froude number is 
greater than unity. 
These conclusions apply only to the laboratory flumes and only 
to the depth and velocity ranges investigated. The question of their 
general applicability remains a subject for  further research, although 
there is no apparent reason to believe that they a r e  not generally valid 
for these depths. However, since the behavior of antidunes and 
stationary waves i s  intimately related to the sediment transport and 
differential deposition phenomena, the validity of these conclusions 
cannot be assured a t  larger depths until these phenomena areUbetter  
understood, and their variation with depth can be predicted. 
e. Summary. Fo r  flow in the laboratory flumes in  the depth 
range investigated, the most important characteristics of the bed and 
water surface configurations may be summarized as  follows: 
(1) There exists a range of Froude numbers over which the flow 
is uniform if surface waves a r e  not induced. If the surface is disturbed, 
stationary waves and antidunes form and propagate downstream. 
(2) With the 0.549 mm sand, flows a t  very low depths (d less  
than 0.1 ft) can have a flat bed a t  even very high Froude numbers ( F  
greater than 1.75). 
(3) If waves form, the amount of wave activity increases with 
depth for a constant Froude number, and with velocity for a constant depth. 
(4) Two-dimensional, sinusoidal -form antidunes move upstream. 
Sharp-crested dunes always move downstream. 
(5) For  two flows with the same depth and velocity but different 
sands, the flow which hias the finer, more easily transported sand will 
have more wave activity. 
4 4 .  Hydraulic and Sediment Traaa- Gbaaacte~isfi~.~-of the Laboratory 
Streams 
a. Summary of data. The most important measured and 
calculated quantities for each flow a re  tabulated in table 4-2. Each run 
represented a flow in equilibrium with i ts  sand bed. The procedures used 
in obtaining the different quantities and the properties of the sands were 
described in chapter 3. The bed and water surface configurations were 
discussed in section 4-3 and summarized in table 4-1. In table 4-2 ,  
the runs a re  tabulated in  the same order as  in  table 4-1. Each group 
of runs i s  presented separately. Within each group, the runs a re  
tabulated in order of increasing depth except where several runs had 
nearly the same depth. For these depths, the runs are  tabulated in the 
order of increasing velocity. The quantities tabulated in  each column of 
table 4-2 a r e  as follows: 
Column 1. d = average depth in feet in the reach of equilibrium 
flow. The depth was determined from the bed and water surface profiles 
(cf. section 3-9). 
Q Column 2. V = - = mean velocity in  ft/sec in the reach of bd 
equilibrium flow (cf. section 3 -9). The flume width, b, i s  2.79 f t  for 
the 60-foot flume and 0.875 ft for the 40-foot flume. 
Column 3. q = Vd = discharge per unit width, cfs/ft. 
v Column 4. F - - = Froude number. 
-,/-gi 
bd Column 5. r = - = hydraulic radius, ft. b+ 2d 
Column 6. S = slope of energy grade line determined as  dis-  
cussed in section 3-9.  
Column 7. U* = = shear velocity far  the composite channel 
section (sand bed and vertical walls), ft/sec. 
u* 
Column 8. f = 8(-) = Darcy-Weisbach friction factor for the 
v 
composite channel section. 
l? 
Ib Column 9.. r = r - = hydraulic radius for bed section of 
b f 
channel, ft. See section 3-13 for discussion of side-wall correction 
procedure. 
7 
Column 10. U* = ]/grbS = shear velocity for the bed section, 
b 
ft/sec. See section 3-13 for discussion. 
U* 2 b Column 1 1. f b  = 8 (T) = Darcy-Weisbach friction factor for 
bed section only, calculated from side-wall correction procedure 
described in section 3-13. 
Column 12, f /f' = friction factor ratio. This is the ratio of b b  
bed friction factor to the theoretical friction factor of a bed with rough- 
ness elements of the same size a s  the mean size of the bed material. 
The bed hydraulic radius i s  used as the characteristic length. The 
quantity f i  is determined from a pipe-friction diagram. See Par t  b 
of this section for further discussion. 
Column 13. T = average water temperature during run, OC. 
- 
Column 14. C = average sediment discharge concentration, 
1 .  Note that this concentration includes both bed load and suspended 
load. 
Column 15. C = total sediment discharge per unit width, lb/ft- 
min. 
Column 16. D = geometric mean sieve size of sediment load, 
g 
mm. This was determined from sieve analyses as discussed in section 
3-15, 
Column 17. = geometric standard deviation of sieve diameters 
g 
of sediment load. See section 3-15 for discussion. 
The omissions in table 4-2 represent quantities which were not 
obtained during the experiments. Tables 4-1 and 4-2 when used together 
give a complete description of every run. Indeed, many of the changes 
of the hydraulic characteristics given in table 4-2  can be properly 
interpreted only in light of the bed and water surface configurations 
TABLE 4 - 2  
SUMMARY OF HYDRAULIC AND SEDIMENT TRANSPORT DATA FROM LABORATORY EXPERIMENTS 
Rate 
Group 1: Sand 1 (De = 0 .549  mm) in 40-foot flume 
Group 2: Sand 2 (De = 0 . 2 3 3  mm) in 40-foot flume 
Group 3: Sand 2 (D  = 0 . 2 3 3  mm) in 60-foot flume 
4-7 0 . 1 9 5  3 . 1 4  0 .612  
::: I ::::: / :::: I::', 
given in table 4 -1. 
b. General comments on alluvial channel roughness. Some 
general comments on the roughness of alluvial channels will be helpful in 
understanding the remaining parts of this section. Water flowing over a 
movable sand bed encounters two types of resistance at the bed: grain 
resistance, and form resistance due to the form drag of bed features such 
as dunes. The resistance of the latter is often the largest and is subject 
to wide variations as the bed form changes. 
The presence of sediment in suspension further complicates the 
roughness problem. It has been shown by Vanoni (18) and Vanoni and 
Nomicos (21) that suspended sediment reduces the friction factor of a flow 
by modifying the turbulence pattern. For a given flow, a s  the sediment 
concentration increases, the friction factor decreases. 
Equations such a s  the Darcy-W eisbach formula (equation 3 -10) 
relate the friction factor to the flow velocity and channel geometry. Inter - 
preted another way, the Darcy-Weisbach formula may be written as  
where the slope, S, i s  the avexage amount of energy dissipated by a unit 
weight of fluid as i t  travels a unit distance along the channel. Now in the 
case of flow over antidunes the wave breaking gives another mechanism for 
energy dissipation and thus the friction factor, f ,  must reflect three dif - 
ferent means of energy dissipation: grain resistance, form drag, and wave 
breaking. In the design and analysis of alluvial channels it is  the last two 
factors that cause the difficulty since there is no way to predict their 
contribution to f and their effect on the grain resistance. 
In interpreting experimental results i t  is expedient to relate the 
bed friction factor. fb, to the friction factor for a flow of the same deptk 
and velocity over a flat bed of the same sand, 
-
fi, .  Africtionfactor ratio 
such a s  fb /fl, then gives a measure of the effect of bed features and wave 
breaking on the friction factor. It should be approximately unity for flow 
over a flat bed. * 
* The use of a friction factor ratio to analyze the roughness of alluvial 
streams was f i rs t  suggested by Vanoni and Brooks (1) .  A more complete 
discussion of the quantity fb/fb and its significance in describing the bed 
form of alluvial streams has been presented by Taylor and Brooks (27). 
The remaining problem is to evaluate f '  It has been found that b '  
friction factor for flow over a flat bed can be determined with fair 
accuracy from a Moody pipe -friction diagram if the bed hydraulic radius, 
multiplied by four, 4rb, is used as  the characteristic length and the 
geometric mean size of the bed material, D is used as  the equivalent 
g ' 
sand roughness. This i s  the procedure which was used in this investi- 
gation for estimating f b  . 
c. Friction factor of runs using 0.549 mm sand (Sand 1). In 
figure 4-24 the values of fb/fb are  plotted against Froude number for all 
runs of Group 1. The water surface configuration and flow depth from 
table 4-1 are  noted by each point. There i s  no reason to expect that fb/fb 
i s  uniquely related to F, and in general i t  is not. However, this plot 
is a convenient means to illustrate several points. In describing the 
bed and water surface configuration of the runs of Group 1 (cf. section 
4-3, part a) it was noted that at  Froude numbers less than about 1.2 or 
1.3 in the depth range investigated, sharp-crested dunes formed. These 
were often accompanied by a leeside separation eddy and therefore had 
appreciable form drag. At Froude numbers between 1.3 and 2.0 the 
bed was flat or had antidunes depending on whether or not the water 
surface was given a persistent disturbance. At Froude numbers greater 
than approximately 2.0, stationary waves and antidunes always formed. 
None of the flows showed multiple breaking and in all runs except Runs 
5-14 and 5-1 the breaking was quite weak and accompanied by very little 
agitation. 
Figure 4-24 reflects the effects of this succession of configura- 
tions on the friction factor. * The ratio fb/fk i s  largest at the lower 
Froude numbers and generally decreases with increasing Froude number. 
The decrease in fb/fi, for Froude numbers between 0.75 and 1.3 is due 
mainly to the dunes becoming more rounded under the influence of the 
surface waves and also becoming longer. The decrease beyond this point 
i s  probably due to the increase in sediment discharge concentration. At 
* In the discussions of particular runs that follow, the reader will often 
have to refer to tables 4-1 and 4-2 to determine the characteristics of 
the runs. 
Fig. 4-24. Relation of friction factor  ra t io  to Froude number for  0. 549 mm sand. r 
w 
W 
the higher Froude numbers. fb/f& approaches unity. 
A comparison of Runs 5 - 16 and 5 -1 7 (see example 4 of section 
4-3 and figures 4-9, 4-10, and 4-11) shows that nonbreaking stationary 
waves have very little effect on the friction factor. These runs had very 
nearly the same depth and velocity. Run 5-16 had a flat bed and water 
surface while Run 5- 17 had induced stationary waves and antidunes. Even 
though the bed and water surface configurations for the runs were quite 
different they had very nearly the same friction factor: fb  = 0.0383 kr R u n  
5-16 and fb = 0.0396 for Run 5-17. A similar  comparison of Runs 5 -13 
and 5 - 18 also illustrates this point. 
The friction factor rat io fb/fk of Run 5 -14 (see example 6, section 
4-3 and figures 1-2 and 4-14) had no significant increase even though the 
wave breaking was quite violent. Apparently the energy dissipated in 
wave breaking was small  compared to the energy dissipation due to grain 
resistance a t  this high velocity, Consequently wave breaking had little 
effect on fb/f& in  this run o r  any of the runs which used the coarser 
sand. 
d. Friction factor of runs using 0.233 mm sand (Sand 2). Figure 
4-25 shows the values of fb/fL plotted against Froude number for runs 
of Groups 2 and 3. The water surface configuration and depth of flow 
a re  noted by each point. The friction factor ratio of these runs generally 
increases with increasing Froude number. Exactly the opposite trend 
was observed with runs using Sand 1 (D = 0.549 mm) shown in figure 
g 
4-24. This trend can be explained in t e rms  of the succession of bed and 
water surface configurations accompanying increasing Froude numbers. 
With the exception of Runs 4-13, 4-12 and 4-25 which had dunes, the runs 
at lower Froude numbers had flat beds o r  small antidunes and non-breaking 
stationary waves. These configurations had low friction factors. With 
increasing Froude number, larger antidunes formed which were accom- 
panied by active wave breaking. The rate of energy dissipation in wave 
breaking increased with Froude number faster than the energy dissipation 
due to grain resistance which was relatively low for this fine sand. 
Consequently, fb/fh also increased. At higher Froude numbers, 
fb/fi, exceeds two indicating that the wave breaking caused the rate of 
LEGEND 
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Fig.  4-25. Relation of frict.ion f ac to r  r a t i o  to  Froude number  fo r  0.  233  mm sand. 
energy dissipation to be more than twice what i t  would have been for 
a flow with the same depth and velocity over a flat bed of the same sand. 
For the runs of Groups 2 and 3 the friction factor ratio was 
often multi-valued for a given Froude number and depth. This reflects 
the significant role played by the wave activity in determining the friction 
factor. For  a given Froude number the amount of wave activity depended 
on the depth and to a certain extent on the flume inlet condition. For 
these Froude numbers, fb/fb increased as  the depth increased or a s  
the inlet condition was changed to produce more wave activity. 
A comparison of Run 4-32 (F = 1.18) and Run 4-33 (F = 1.17, 
see example 11 and figure 4-20) illustrates this point. These runs had 
nearly the same Froude number but Run 4-32 had a depth of 0.259 ft 
compared to a depth of 0.248 f t  for Run 4-33. Run 4-32 had waves that 
were much more active and broke more frequently and violently than 
those of Run 4-33. Accordingly, Runs 4-32 and 4-33 had friction factor 
ratios of 2.14 and 1.37 respectively. 
A similar comparison of Run 4-28 of Group 2 and 4-22 of Group 
3 illustrates the effect of the flume inlet. These runs had nearly the 
same depth and velocity, but Run 4-22 had more wave activity due to 
the screen and the diffuser entrance which caused a persistent disturbance 
at the upstream end of the flume. The waves which did form in Run 4-28 
broke quite weakly if at all. For Run 4-28, fb/f& = 1.41 and for Run 
4-11, f /ft = 1.76. b b  
Several other examples can be drawn from the runs of Groups 2 
and 3. These all conform to the principles outlined above. In the regime 
where antidunes can form, fb/f6increased as the amount of wave 
activity increased with Froude number, and with depth or channel inlet 
condition for a fixed Froude number. 
The runs of Group 1 did not have this multiplicity of friction 
factor ratio.. This was a result of the fact that the friction factors of 
flows over the coarser sand were unaffected by the presence of antidunes 
and stationary waves. 
At high Froude numbers, the friction factors were in some cases 
smaller for flows over Sand 1 (D = 0.549 mm) than for comparable 
g 
flows over Sand 2 (D = 0.233 mm). For example, Runs 5-9 which used 
I3 
the coarse sand and 4-27 which used the fine sand had nearly the same 
depth and velocity, but the fb  values were 0.0448 and 0.051 2 
respectively. The waves of Run 5-9 never broke while the waves of 
Run 4-27 had frequent, violent breaking. The energy dissipated in wave 
breaking accounted for the larger friction factor of Run 4-27. As is 
discussed in chapter 5, the increased wave activity with the finer sand 
was due to the fact that this sand was more easily transported and the 
perturbation velocities could rapidly form antidunes with breaking 
stationary waves. With the coarse sand (Run 5 -9) the limiting height of 
the antidunes was not large enough to cause the waves to break. 
e. Sediment transport characteristics. The sediment discharge 
rates a re  plotted against mean velocity in figure 4-26. The total trans- 
port rate per unit width for each sand can be approximated by an 
exponential relation of the form used in section 2-6 in analyzing the 
movement of antidunes. Thus, very roughly, 
G = 0.31 V 3 . 4  
for Sand 1 (D = 0.549 mm) and 
g -
G = 0.028 V 6.2 (4 - 2) 
for Sand 2 (D = 0.233 mm). Depth had little effect on the transport 
g 
rate in the range investigated (depths between 0.074 ft and 0.35 6 ft) but 
these relations a re  definitely not valid over a wide range of depth. The 
effects of waves and wave breaking on the sediment discharge rate a re  
discussed in section 5-4. 
In runs of Group 1 (coarse sand), the geometric mean diameter 
of the transported material was equal to or greater than the geometric 
mean size of the bed material in all but two cases ( ~ u n s  5 - 1 and 5 -2). 
No explanation for this curious effect is offered here. 
f. Summary. The conclusions regarding the friction factor and 
sediment transport characteristics of flows in the laboratory flumes may 
be summarized as follows: 
(1) Flows using Sand 1 (D = 0.549 mm) have a single -valued g 
friction factor for each depth and velocity. The friction factor is  
practically unaffected by the presence of antidunes and stationary waves. 

As the Froude number i s  increased, the friction factor generally 
decreases and approaches the value that would be expected for a flat 
bed and water surface. 
(2) For flows over a bed composed of Sand 2 (D = 0.233 mm), 
the friction factor generally increases as  the Froude number i s  increased. 
At depths and velocities for which the flow configuration i s  not unique 
the friction factor i s  not unique either. In these cases, the friction 
factor increases a s  the amount of wave activity increases. 
(3) In the depth range investigated, the rate of sediment transport 
generally increases with velocity and can be very roughly expressed as 
G = ~ v ~  (2-32) 
where m and n are  constants which depend on the sand characteristics. 
The ,validity of the conclusions can be assured only in the depth 
range investigated. However, there i s  no reason to believe that the 
principles a re  not qualitatively accurate in general. 
C HAPTER 5 
DISCUSSION OF RESULTS 
This chapter will extend the discussion given in chapter 4 in 
connection with the presentation of experimental results.  In section 
5-1, the measured wave lengths will be compared with the values given 
by  the velocity-wave length relation derived in chapter 2. Then the 
mechanism of antidune formation and growth will be described in detail, 
and this description used to deduce the quantities involved in the cri teria 
for the formation of antidunes and the occurrence of breaking waves. The 
work of previous investigators in this field will also be briefly considered. 
The effect of waves on the sediment transport rate will be discussed and 
the problem of stationary waves of finite amplitude will be posed. 
Finally, the limited data available on antidunes in natural s treams will 
be presented and compared with the results of this investigation. 
5 - 1. Velocity- W ave Length Relation 
The measured wave lengths and corresponding mean velocities 
reported in table 4-1 a r e  plotted in figure 5- 1. The straight line repre - 
seats the theoretical velocity-wave length relation f m  two-dimensional 
waves which was derived from the minimum energy hypothesis in 
section 2-4 (equation 2 - 23). The curved line represents the velocity- 
wave length relation derived in  section 2-7 for three -dimensional waves 
(rooster tails), 
In plotting equation 2-37 on figure 5-1, the wave length in  the transverse 
direction, b, has been taken as  the width of the 40 -foot flume (b = 0.875 ft) 
since none of the runs in the 60 -foot flume had waves which were pre - 
dominantly three -dimensional. 
The agreement between the experimental points and the theoretical 
two-dimensional relation is well within the limits of experimental accuracy 
with the exceptions of Run 5 -14 and those runs in the 40 -foot flume which 
LEGEND 
o 40-foot flume, 0.549 mm sand 
40-foot  flume, 0.233 rnm sand 
0 60- foot  flume, 0.233 rnrn sand 
e Large, wide rooster tails 
Depth Range 0 .123 -0 -348  ft 
WAVE LENGTH, FT 
Fig. 5 -1. Measured and computed values of wave length 
a s  a function of velocity for laboratory data.  
had large, wide rooster tails. For  a given velocity, the wave length of 
the large rooster  tails was smaller than the wave length of two- 
dimensional waves. This agree s qualitatively with the theoretical three - 
dimensional solution (equation 2-37). This solution cannot be expected 
to be more than qualitatively accurate since the transverse wave length 
of the rooster tails, b, is not necessarily equal to the flume width. 
Further, a s  was discussed in section 4-2d, the boundary condition along 
the sides of rooster tails is quite nebulous and probably not the same as 
that used in obtaining the three-dimensional solution. 
The effect of the form of the waves on the velocity-wave length 
relation is illustrated by Run 5 -3 (d = 0.245 ft,  V = 2.18 ft/sec, 
L = 1.00 ft, see figure 1-1) and Run 5-7 (d = 0,147,  V = 2.60 ft/sec, 
L = 1.00 ft). Both of these runs had the same wave length, but the 
waves of Run 5-3 were two-dimensional while Run 5-7 had large, wide 
rooster tails. Accordingly, the velocity-wave length relations conform 
quite well to the two-dimensional and three-dimensional solutions 
respectively. 
Although the waves of Run 5 -14 gave the impression of being 
predominately two-dimensional, their wave length does mt _ w e e  ~i th-~the  
two-dimensional solution. Close inspection of the waves (see figure 
4-14) shows that the waves actually were slightly three -dimensional. 
This relatively small transverse oscillation was probably responsible 
for the discrepancy. 
5-2. Discussion of the Mechanism of Antidune Formation and Growth 
a. Magnitude of the horizontal perturbation velocity at the level 
of the bed. Fo r  the discussion of this section, i t  will be convenient to 
have an expression for the horizontal perturbation velocity of two- 
dimensional waves at the level of the bed. The velocity potential of the 
- 
perturbation velocities, $, is the second term on the right of equation 
2-13, 
- 
A coshk(y +H)  cos k x .  
= sinhk 33 
In the case  of flow over antidunes, H = ao (see section 2-4) and 
The horizontal perturbation velocity is 
v 
p: = -A k V eky sink x. 
For  flow over antidunes i t  was shown in section 2-4 that 
or  
k = g JZ' 
Substituting equation 5 -4 into equation 5 - 3 yields 
At the level of the bed (y = -d) the horizontal perturbation velocity, 
u = - & e  -l/e sink x. 
v 
The wave height, 2k, can have any value between zero and 
0.142 L (see section 2-5). Thus when the ratio of wave height to the 
critical height for breaking i s  at a given value, the height is proportional 
to the wave length. Stated another way, waves of equal steepness have 
heights which a re  porportional to their respective wave lengths. Substi- 
tuting A = C L and equation 2-23 into equation 5 -6, gives 1. 2 
u = -2aC1 Ve -IiF sink x. (5-7) 
Equation 5-7 can be used to compare the magnitudes of u for different 
fFms inwhich the wave heights a re  a given proportion of the critical 
value for breaking, o r  in  which the waves have the same steepness. The 
magnitude of u is seen to increase with velocity and Froude number. 
b. The role of the perturbation velocities. Stationary waves in 
open channels czmoccur over a wide range of Froude numbers. If they 
do not ar ise  spontaneously they can often be induced. The perturbation 
velocities which accompany these waves a r e  responsible for the formation 
of antidunes. Under the wave troughs, the horizontal perturbation velocity 
and the flow velocity a r e  in the same direction so the total horizontal 
velocity is greater than i ts  mean value and local scour results. Con- 
versely, under the wave c res t s  the perturbation velocity opposes the flow 
velocity and local deposition results. This pattern of scour and deposition 
i s  called differential deposition. Differential deposition which occurs on 
a flat bed forms antidunes. Since the sediment concentration is greatest 
near the level of the bed, i t  i s  the horizontal perturbation velocity in 
this vicinity which i s  important in causing differential deposition. 
If the depth of flow, velocity, and sand size are  such that dunes 
are  present when stationary waves occur, the form of the dunes will be 
modified by the perturbation velocities if those velocities a re  sufficiently 
large in the vicinity of the bed. The perturbation velocities cause the 
dunes to become periodically larger and more rounded than dunes which 
a re  not coupled with the free surface. Such dunes which a re  strongly 
coupled with the water surface are,  by definition, also antidunes (see 
section 1-1 for definition). Text examples 2 and 3 (figures 4-7 and 4-8) 
of section 4-3 illustrate this type of flow. In this case, differential 
deposition does not actually form the antidunes, but i t  does modify their 
shape and size. No instances of this phenomenon occurring in natural 
streams have been reported and dunes strongly coupled with the water 
surface may be a laboratory curiosity. This type of antidune will not be 
considered further in this discussion. 
In the more common situation in which antidunes form from a 
flat bed, as  the amplitude of the antidunes increases due to differential 
deposition, the amplitude of the surface waves also increases. This 
increase in wave amplitude causes an increase in the magnitude of the 
perturbation velocity (see equation 5-6) which tends to increase the rate 
of differential deposition. However, a s  the antidunes become higher and 
steeper, the gravity force resisting the movement of sediment from anti- 
dune troughs to crests also increases. When the effects of gravity and 
the perturbation velocity balance each other, the antidunes do not grow 
further. This limiting height of the antidunes depends on the depth of 
flow, mean velocity, and transport characteristics of the sand. If the 
wave steepness corresponding to this limiting height exceeds the critical 
value, the waves will break. 
Even though the antidunes have reached their limiting height, 
they can move upstream since scour still occurs on the downstream 
slopes and sediment i s  deposited on the upstream slopes. However, no 
further deposition occurs a t  the peaks of the antidunes and no further 
scour occurs a t  the bottoms of the troughs. Thus, at the limiting height, 
differential deposition causes the antidunes to  move upstream but does 
not increase their height. A more complete discussion of antidune move- 
ment is given in  section 2-6. 
c. Importance of the transport capacity of a stream for its bed 
material. In section 4-4 i t  was shown that the measured sediment trans- 
port ra tes  were roughly proportional to  a power of the mean velocity. 
This power, n, was 3.4 for Sand 1 (B = 0.549 mm) and 6.2 for Sand 2 
g 
(Dg = 0.233 mm). Other investigators have also found that the transport 
rate can be expressed a s  a power (usually greater than three) of the mean 
velocity if the sediment i s  transported primarily as bed load. It therefore 
seems not unreasonable to expect that the local transport rate is propor- 
tional to a power of the local total horizontal velocity. * If this is the 
case, a relatively small  change in the local total horizontal velocity due 
to the perturbation velocities can cause a relatively large change in the 
local transport rate. Thus the perturbation velocities which a r e  quite 
small, and could not themselves transport enough sediment from cres ts  to 
troughs to form amtidwes, can affect the local transport of the stream and 
cause the differential deposition which forms antidunes. 
If the local transport rate is proportional to a power greater 
than unity of the local velocity, the rate of differential deposition caused 
by a perturbation velocity of a given magnitude will depend on the flow 
velocity and thus the gross transport rate. Therefore, if the transport 
rate i s  low, even relatively large perturbation velocities can cause very 
little differential deposition and the antidunes which form (if any) a re  of 
vanishingly small amplitude. At the other extreme, no antidunes will 
form, regardless of how high the transport rate i s ,  unless the horizontal 
perturbation velocity in the vicinity of the bed i s  large enough to affect 
the local transport capacity and cause differential deposition. 
This consideration points out the importance of the transport 
capacity of a stream for i ts  bed material in  determining the behavior 
* This is one of the assumptions which was made in investigating the 
movement of antidunes. See section 2-6. 
of the flow. At a given depth of flow and velocity, perturbation velocities 
which do not cause significant differential deposition of one sand can 
be sufficient to form antidunes of appreciable magnitude on a bed of 
finer, more easily transported sand. Likewise, the transport capacity 
i s  important in determining how frequently antidunes form, their rate 
of growth, and whether the limiting height of the antidunes is such 
that the waves break. 
5-3. Criteria for the Formation of Antidunes and Breaking Waves 
a. Discussion of criteria. If the depth of flow, velocity, and 
aand size a re  such that only minimal differential deposition occurs, the 
largest antidunes that form will be of vanishingly small amplitude. As 
the depth and/or velocity a re  changed to increase the rate of differential 
deposition, a point will be reached at which antidunes can be discerned. 
This point i s  not at  all well defined and i ts  detection depends greatly on 
the eyesight and judgment of the observer. It therefore seems somewhat 
meaningless to speak of a criterion for the formation of antidunes. A 
ratio of antidune height to wave length might be defined above which, by 
definition, antidunes are said to exist, but this would be hard to measure 
and would serve little useful purpose. A more meaningful criterion, and 
the one which will be considered here, i s  the criterion for the occurrence 
of breaking waves. This condition i s  more easily recognized. 
When speaking of a criterion for the occurrence of breaking waves 
(or antidunes) it must be borne in mind that over a certain range of depth 
and velocity the bed and water surface will be flat unless the flow is 
disturbed to form an initial wave. In this range, the criterion will tell 
whether breaking waves (or antidune s) can occur. 
-
The formation of antidunes and of breaking waves- -indeed, the 
whole antidune phenomenon- -is intimately related to the transport of 
sediment. As has been pointed out repeatedly in previous chapters, the 
physical laws governing this transport a re  unknown. Thus only an 
empirical criterion can now be given for the occurrence of breaking 
waves. Assumed transport laws can be used in connection with the 
potential flow theory of chapter 2 and section 5 -2 to investigate the 
behavior of the flow. However, the results of such analyses a r e  a t  best 
only qualitatively correct  and they may actually be misleading. 
b. Criterion for the occurrence of breaking waves. In the depth 
range investigated (depths between 0.074 ft  and 0.356 ft), wave breaking 
appeared to be related t o  Froude number, as shown in figures 4-21, 
4-22 and 4-23. Fo r  Sand 1 (D = 0.549 mm), breaking waves were 
g 
induced a t  Froude numbers between 0.7 and 1.0 by the dunes which 
formed on the bed. The waves also broke if the Froude number was 
greater than 1.8, provided the depth was greater than 0.10 ft. F o r  Sand 2 
(Ds = 0.233 mm), breaking waves could occur if the Froude number was 
greater than about 0.9. 
Over a wide range of depth and for other sands, these values of 
Froude number can not be expected to be the correct criterion for the 
-
occurrence of breaking waves because the antidune phenomenon is also 
related to the transport capacity of a flow for the material i t  flows over. 
The Froude number is significant fo r  two reasons. Fi rs t ,  i t  is one of 
the factors which determines the magnitude of the perturbation velocities 
at the level of the bed (see equations 5-6 and 5-7). Second, the Froude 
number determines how stable the water surface i s ;  i. e., how much the 
energy and momentum flux of the flow must be changed to produce a wave 
8 
of a given magnitude. At F = 1, a small stationary wave can occur 
with no change in the energy and momentum flux and thus the flow is least 
stable at this value. However, the Froude number says nothing about the 
transport characteristics of the flow over a wide range of depth. Any 
criterion which is based only on the hydraulic characteristics of a stream 
and does not include the transport capacity of the stream for i t s  bed 
material cannot be valid except over a limited range of depth. 
For  example, consider a flow which i s  much deeper than those 
of this investigation. The velocity increases as  the square root of the 
depth for constant Froude number and the sediment transport rate generally 
increases a s  some higher power of the velocity (usually greater  .than 
- - 
* Two papers by T. Brooks Benjamin (28, 29) present a n  excellent 
treatment of the relation between the energy and momentum flux and 
Froude number of a flow and wave characteristics of the f ree  surface. 
three). Equation 5-7 shows that the magnitude of the horizontal per-  
turbation velocity at the level of the bed also increases with velocity. 
Consequently, an increase in depth a t  constant Froude number leads to 
a relatively large increase in the sediment transport rate and the 
differential deposition caused by the perturbation velocity. Thus a flow 
a t  one depth with a certain Froude number might not have breaking waves 
while another flow with the same Froude number but a larger depth can 
have active wave breaking. It would be expected then that the critical 
Froude number for  a given sand above which breaking waves can occur 
would decrease a s  the depth increases. 
Conversely, a s  the depth decreases, the Froude number above 
which breaking waves can form would be expected to increase for a 
given sand. This was observed to be the case. Runs 5-11, 5-12, 5-13 
and 5-18 had depths l e s s  than 0.1 ft  and Froude numbers of 2.00, 2.04, 
1.86 and 1.82 respectively. In Runs 5-11, 5 - 1  2 and 5-13 the bed and water 
surface were flat. In Run 5-18, waves and antidunes were induced a t  the 
upstream end of the flume. These waves persisted to about station 20 
(roughly ten wave lengths from the point where the flow was disturbed) 
and downstream from this station the bed and water surface were flat. 
Because of the small  depths a t  which these runs were carried out there 
was little ar no wave zctivity despite the high Froude numbers. 
5-4. Discussion of Gilbert's Experiments and Langbein's Criterion 
for Antidunes 
The classical experiments by Gilbert (9) were discussed in 
section 1-2. Gilbert conducted runs in systematic groups, each with 
a constant discharge. For each of these constant discharges, the depth, 
velocity, slope and bed configuration were obtained for different ra tes  
of sediment transport. As the sediment load was increased, the depth 
decreased and the velocity increased. At low sediment loads dunes 
formed. As the transport rate and velocity increased, the dunes gave 
way to a flat bed which persisted until a t  still  higher velocities, antidunes 
formed. A comparison of Gilbert's runs using Sand C (mean diameter = 
0.506 mm) with comparable runs of this investigation from Group 1 
(Ds = 0.549 mm) indicates that many of Gilbert's flows which had a flat 
bed would probably have had antidunes if the water surface had been 
disturbed to initiate surface waves; i. e. , many of the flows in which 
Gilbert observed a flat bed were in the regime where the flow configu- 
ration is not unique. Such a comparison is shown in table 5-1. 
Table 5 -1 
Comparison of Flume Experiments 
Run no. 
Mean sand size, mm 
Flume width, ft 
Depth, ft 
Velocity, ft/sec 
Froude number 
Slope 
Bed configuration 
Gilbert 
- - 
0.506 
1.32 
0.149 
3.73 
1.70 
0.01 15 
flat 
Author 
5-17" 
0.549 
0.875 
0,146 
3.56 
1.64 
0.0154 
antidunes 
Author 
5-l6** 
0.549 
0.875 
0.154 
3.45 
1.55 
0.0134 
flat 
* See example 4, section 4-3 and figures 4-1 1 and 4-1 2. 
**See example 4, section 4-3 and figure 4-10. 
In the flume used by Gilbert, the water entered the channel from 
a large stilling box and probably received very little disturbance. Thus 
Gilbert's data cannot be used to determine the minimum Froude number 
for a given depth above which antidune s - can form if the flow is  disturbed. 
If Gilbert had used a different flume entrance, many of the flows which 
had a flat bed probably would have had antidunes. 
Langbein (11) made a dimensional analysis of the factors involved 
in the formation of antidunes and then used Gilbert's data to arrive at  the 
following criterion for the formation of antidunes: 
v 
- > i ( Vr) j w (5 -8) 
where the constants i and j depend on the sand size and are  presented 
- 
in table 5-2. Gilbert's data covered the range from V r  = 0.  L ftL/sec 
Table 5 -2 
Constants for Langbein's Criterion (Equation 5 -8) 
Mean 
Sand Size 
Langbein's criterion i s  not valid to the extent that Gilbert's data 
are  misleading in determining the conditions for which antidunes can 
farm. The criterion i s  valid only for determining the flow conditions 
for which antidunes formed in Gilbert's flume. Because the entrance to 
Gilbert's flume gave the flow very little disturbance, antidunes can occur 
- 7  v 
at lower values of l;;Z: than indicated by Langbein's criterion. In section 
11 gr 
5-7 i t  is shown that Langbein's criterion does not accurately predict the 
occurrence of antidunes in natural s t reams either. 
The use of the hydraulic radius, r ,  instead'of the flow depth is 
not correct  since the depth i s  the important dimension in considerations 
of the wave mechanics, energy, and local transport characteristics of a 
flow. A comparison of results from the two different flumes used in this 
investigation indicated that the flume width (and thus r for a constant 
depth) has little effect on the formation and behavior of antidunes. 
5 -5. Effect of Waves on Sediment Transport Rate 
Apparently, surface waves which do not break have little effect 
on the transport rate of a stream. Fo r  example, Run 5-16 (d = 0.154 ft, 
V = 3.45 ft/sec, F = 1.55, see  figure 4-9) had a flat bed and water 
surface while Run 5-17 (d = 0.146 ft, V = 3.56 ft/sec, F = 1.64, see 
figure 4 - 10) had induced antidunes and waves which did not break. The 
transport rates for  these two runs were 22.5 lb/ft-min and 20.6 lb/ft-min 
respectively. Much of this difference could have been due to experimental 
e r ro r  and i t  is not significant. 
Active wave breaking, however, greatly increases the rate of 
sediment transport since the agitation accompanying breaking is very 
effective in entraining bed material. F o r  example, Runs 4-27 (d = 0,152 f t ,  
V = 3. 29 ft/sec, F = 1,49, see figure 4-19) and Run 4-33 (d = 0.248, 
V = 3.30 ft/sec, F = 1.17, see  figure 4-20) had very nearly the same 
velocity, but different depths. If both flows had been steady and uniform, 
the deeper flow, Run 4-33, would have been expected to have a slightly 
larger sediment discharge, if there were any difference a t  all. Actually, 
both runs had antidunes and breaking waves. The waves of Run 4-27 broke 
much more frequently and violently (compare figures 4-19 and 4-20), giving 
a sediment transport rate of 65. 2 lb/ft-min compared to 30.0 lb/ft-min 
for Run 4-33 which had much less wave activity and a smaller depth. 
5 -6. Stationary Waves of Finite Amplitude 
In the analytical considerations of chapter 2 from which the 
velocity-wave length relation was derived, i t  was assumed that the waves 
a r e  of vanishingly small amplitude. It was then shown by the minimum 
energy hypothesis that flow over antidunes corresponds to the top part of 
a gravity wave in a fluid of infinite depth. The celerity of this wave is 
equal to the flow velocity so i t  appears stationary. The experimental 
results agreed with the velocity-wave length relation of this linearized 
theory (see section 5-1). 
However, the stationary waves which accompany antidunes 
usually do not have small  amplitudes. As soon a s  antidunes a r e  initiated 
the amplitudes of both the antidunes and stationary waves increase, and 
the wave amplitude often reaches the critical value for breaking. The 
celerity of waves of finite amplitude i s  given by Keulegan (30) as 
where A is the wave amplitude and k the wave number. The celerity 
increases with amplitude and the celerity of the highest wave which can 
occur (LAc = 0.142 L )  i s  about ten percent greater than one of negligible 
amplitude. 
This consideration leads to an apparent inconsistency. The wave 
length of the antidunes and stationary waves is determined when they 
f i rs t  a r e  initiated. At this stage, the amplitude of the surface waves 
is very small and the wave length i s  selected so that the wave celerity 
i s  equal to the flow velocity, 
As the antidunes become higher, the amplitudes of the surface waves 
increase but the wave length cannot change since this would displace 
adjacent waves in the train. Equation 5 -9 shows that the wave celerity 
also increases. This raises the question of how waves of finite amplitude 
persist  over antidunes When the initial velocity-wave length relation is  
that for  waves of negligible amplitude (equation 2-23). The upstream 
movement of the antidunes i s  much too slow to account f<or this difference. 
The increase in  celerity with amplitude might be instrumental 
in causing the breaking of the waves. With increasing amplitude, the 
wave configuration has a stronger tendency to move upstream relative 
to the antidunes. This tendency of the wave c res t s  to move toward the 
antidune troughs might possibly precipitate breaking. The close agree- 
ment between the theoretical value of critical wave height given in section 
2-5 and the measured values given in the fifth column of table 4-1 
indicates in any event that waves break when their height is a t  or  near 
the maximum possible value predicted by Michell (16). 
5 -7. Antidunes and Stationary Waves in Natural Streams 
a. General. Most natural s treams have cross-sections which 
a re  quite irregular.  A typical example is shown in  figure 5-2. In 
sections of this form the local depth and velocity vary across  the 
section and consequently dunes, flat bed, and antidunes often occur 
simultaneously in different parts of the stream. For example at the 
location on the Virgin River shown in figures 5 - 2 and 5 -3, dunes 
occurred in the deep part  a t  the left, while antidunes occupied the 
shallower central portion. The bed was flat in the regions adjacent to 
the antidunes and the region a t  the far  right was covered with cobble- 
s tone s. 
Flat 
bed 
Antidunes 
DISTANCE FROM LEFT BANK, FT 
Fig. 5 - 2 .  Cross  section (looking downstream) 
of Virgin River nea r  St. George, Utah. 
Fig. 5 -3 .  Downstream view of Virgin R'iver a t  
location of c r o s s  section shown in figure 5-2. 
The occurrence and characteristics of antidunes and their 
stationary waves depend only on the local depth, velocity, and size of 
bed material; consequently i t  i s  these local parameters which must be 
used in al l  considerations involving antidune s and stationary waves. 
Any analysis pertaining to antidunes which is based on the mean velocity 
(Q/A) and the mean depth (area divided by surface width) for  the whole 
section will invariably lead to erroneous conclusions unless the stream 
is rectangular o r  very nearly so. 
b. Summary of field data. Very little quantitative information 
on antidunes and stationary waves i s  available. Table 5-3 summarizes 
all of the data presently available to the writer.  The depths and velocities 
given in columns 1 and 2 respectively a re  the mean values in the region 
where antidunes occurred. An estimate of the accuracy of the data, 
based on the conditions under which it  was obtained, is included for each 
f h w  in column 6. The stationary waves of the Virgin and Little Colorado 
Rivers were actively breaking. The exact details of the surface configu- 
rations for  the other r ivers a r e  not known but the field notes gave the 
impression that the waves were breaking. 
The velocity -wave length data of table 5 -3 for the natural s treams 
a re  plotted in figure 5 -4. The agreement with the theoretical relation 
derived in section 2-4 is  good considering the poor accuracy of much of 
the data. 
In the discussion of section 5 -3, i t  was hypothesized that the 
critical Froude numbers for the formation of antidunes and stationary 
waves decrease a s  depth increases. The flows of table 5-3 which had 
depths greater than three feet (Nos. 10, 11 and 12) had antidunes and 
stationary waves at Froude numbers of only 0.81, 0.65 and 0 .68  
respectively. In laboratory flows at smaller depths using a finer sand 
(*s = 0.233 mm) breaking waves did not occur a t  Froude numbers less  
than 0.9. This indicates that the hypothesis may be correct.  
The sand sizes of flows No. 3 through 12 a re  in the range 
covered by Langbein's criterion. According to this criterion, assuming 
the depth can be used as  the hydraulic radius for these wide flows, none 
of these flows would have had antidunes. 
Table 5-3 
Summary of Data f o r  Flow over Antidunes i n  Natural S t reams (a) 
No. 
1 
d 
Depth 
f t .  
2 
v 
Velocity 
ft/sec 
3 
F 
Froude 
Vumber 
4 
L 
Wave 
Length 
f t 
5 
.D 
g 
Bed 
Material  
Size 
mm . 
6 
Estimated 
Accuracy 
Good 
Good 
Poor 
F a i r  
Good 
Good 
Good 
F a i r  
Good ( C )  
Poor  
Poor 
Poor 
River  
Little Colorado 
Virgin (b) 
Gravel  P i t  Runoff 
Laboratory Creek 
Pigeon Roost Creek 
Pigeon Roost Creek  
Dry F o r k  Creek 
Dry Fork  Creek 
Dry F o r k  Creek 
Cuffawa Creek  
Pigeon Roost Creek 
Pigeon Roost Creek 
8 
Location 
Cameron, Arizona 
St. George, Utah 
Byhalia, Miss.  
Pigeon Roost Watershed, 
Miss.  
ARS Sta. 12, Pigeon Roost 
Watershed, Miss.  
ARS Sta. 12, Pigeon Roost 
Watershed, Miss.  
ARS Sta. 10, Pigeon Roost 
Watershed, Miss.  
ARS Sta. 10, Pigeon Roost 
Watershed, Miss.  
ARS Sta. 10, Pigeon Roost 
Watershed, Miss. 
ARS Sta. 32, Pigeon Roost 
Watershed, Miss.  
ARS Sta. 17, Pigeon Roost 
Watershed, Miss.  
ARS Sta. 34, Pigeon Roost 
Watershed, Miss.  
(a) Data  on s t r eams  of the Pigeon Roost Watershed was supplied by the Agricultural Research  Service (ARS) 
of the U. S. Department of Agriculture. 
(b) See f igures 5-.2 and 5-3. 
(c) This value of wave length is open to some question a s  there was a discrepancy in  the field notes. 
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Fig. 5-4.  Measured and computed values of wave length 
a s  a function of velocity for data f rom natural s t reams.  
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Byhalia, Miss. Gravel Pit 
Little Colorado River 
Virgin River 
0 Pigeon Roost Watershed, Miss. 
Depth Range 0.18 - 4.0 f t  
Sand-size Range 0.15- 0.46 mm 
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CHAPTER 6 
SUMMAR Y OF CONCLUSIONS 
The following conclusions a re  based on a comprehensive 
theoretical and experimental study of the occurrence and characteristics 
of antidunes and associated stationary waves, including their effects on 
the friction factor and sediment transport capacity of alluvial streams. 
The two different sands used in the laboratory investigation had geometric 
mean sieve diameters of 0.549 mm and 0 . 2 3 3  mm. 
The principal conclusions may be summarized as follows: 
1. It was shown that potential flow over a wavy bed is the same 
a s  the segment of flow above an intermediate streamline at mean depth d 
of the fluid motion accompany$pg a train of stationary gravity waves in 
a fluid with a horizontal bottom at mean depth H. The wave is made 
stationary by imposing on the fluid a uniform velocity equal and opposite 
to the wave celerity. Fo r  a given velocity, the wave length i s  related only 
to the depth to the virtual horizontal bottom, H. 
2. In the case of flow over an erodible sand bed, the flow deforms 
the bed by scour and deposition. Since there is theoretically an infinite 
number of possible wave lengths and shapes for the waves and antidunes, 
i t  was hypothesized that, for  a given flow velocity, the flow shapes the 
sand bed to conform to a streamline of the fluid motion accompanying 
the stationary gravity with the minimum energy. I t  was also assumed 
that the potential flow solution i s  applicable to the real  fluid flow over a 
deformable sand bed. The minimum energy flow corresponds to the 
case H = oo in the solution described in conclusion 1. Thus, under this 
representation, flow over antidunes i s  the same as the segment of flow 
above an intermediate streamline of the fluid motion associated with a 
stationary gravity wave in  a fluid of infinite depth. 
3. It follows from this representation of flow over antidunes 
that the relation between the mean flow velocity, V, and the wave length, 
L, of the stationary waves and antidunes is given by 
The wave length is independent of the depth of flow, d, and thus of the 
Froude number also. Measured values of velocity and wave length from 
laboratory and field data were in good agreement with this relation when 
the waves were two-dimensional. 
4. When three-dimensional surface waves (rooster tails) formed, 
the wave length was smaller  than that of two-dimensional waves for a 
given flow velocity. 
5. Two-dimensional waves broke when the ratio of wave height 
to wave length (wave steepness) reached a value of approximately 0. 14. 
This agrees with the theoretical value for deep water waves. 
6 ,  Over a limited range of depth and velocity, stationary waves 
and antidunes formed only if an initial surface wave was induced; i. e., 
the flow configuration was not unique. If the flow was undisturbed, the 
bed and water surface were flat over the whole length of the flume. If 
a disturbance was induced to form an initial surface wave, stationary 
waves and antidunes propagated downstream and occurred throughout the 
length of the flume. When the disturbance was removed, the bed and 
water surface again became flat. 
7. Antidunes are the ~ e s u l t  of a pattern of scour and deposition 
which is caused by the perturbation velocities accompanying stationary 
waves. The frequency of antidune formation, the rate of antidune growth, 
and the breaking of the waves a l l  depend on the local rate of sediment 
transport. Therefore, no general criterion for the formation of antidunes 
or the occurrence of breaking waves can be given until the laws governing 
the transport of sediment a r e  known. Further, any criterion which does 
not include the transport capacity of a stream for i t s  bed material is not 
adequate. k t  the present time, only empirical cri teria a r e  reliable. 
8. The results of this investigation, a study of available field 
data, and considerations of the mechanism of antidune formation and 
growth indicated that the critical Froude number for the occurrence of 
breaking waves (a) decreases as the depth of flow is increased, and 
(b) decreases a s  the sand size i s  decreased and the sediment becomes 
more easily transported. 
9. Stationary waves which did not break had little effect on the 
sediment transport capacity o r  the friction factor of the stream. 
10. Stationary waves which broke increased the gross sediment 
transport capacity and the friction factor of the stream. The increase 
in transport capacity was due to the sediment entrainment caused by 
the agitation accompanying breaking. The increase in friction factor 
was due to the energy dissipation in wave breaking. These effects 
became more pronounced a s  the breaking became more frequent and 
violent. 
11. The following observations are  based on the laboratory 
experiments with the 0.549 mm sand and flows with depths between 
0.123 ft and 0.346 ft. 
(a) Three-dimensional waves were the dominant wave form. 
(b) The effective roughness of the stream generally decreased 
with increasing Froude number. 
(c) Wave breaking had relatively little effect on the transport 
capacity or  the effective roughness of the stream. 
12. The following observations a re  based on the laboratory 
experiments with the 0.233 mm sand with flows in the depth range between 
0.145 f t  and 0.356 ft. 
(a) Two -dimensional waves were the dominant wave form. 
(b) Breaking waves could occur if the Froude number was 
greater than approximately 0.9. 
(c) The effective roughness of the stream generally increased 
with Froude number. 
(d) Wave breaking caused relatively large increases in  the 
transport capacity and effective roughness of the stream. 
(e) For  a given depth and velocity, waves formed more frequently 
and broke more violently with the 0.233 mm sand than with the 0,549 mm 
sand. 
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APPENDIX 
Summary of Notation 
The following summary omits, for simplicity, definitions of 
let ters  of secondary importance which appear only in a single section. 
The symbols used in chapter 4 to describe the bed and water surface 
configurations and the conditions under which the runs were carried out 
a re  defined in connection with table 4-1 and a r e  not repeated here. 
The page numbers listed refer  to the page on which each symbol 
f i rs t  appears. 
Symbol 
a = 
A = 
2A = 
C 
A = 
% = 
A = 
W 
b = 
b = 
B = 
C = 
- 
C = 
d = 
D = 
g 
f =  
f =  
- fi, - 
- 
fb - 
f =  
W 
amplitude of antidunes. 
amplitude of surface waves. 
critical height for breaking of surface waves. 
c ross  sectional a rea  of the stream. 
part  of c ross  sectional area  associated with the bed. 
part  of c ross  sectional a r ea  associated with the walls. 
width of rectangular channel. 
transverse wave length of three-dimensional waves. 
bulk specific weight of sand in bed. 
wave celerity. 
sediment discharge concentration. 
depth of flow. 
geometric mean sieve diameter. 
complex potential = fl + iq . 
U* 2 Darcy-Weisbach friction factor for channel = 8 (T) . 
friction factor determined from pipe-friction diagram 
using 4rb a s  the characteristic length and D a s  the 
P: 
equivalent sand roughness. 
friction factor for  bed alone calculated from side-wall 
U*b 2 
correction procedure = 8 . 
friction factor for walls. 
Page 
15 
13 
21 
57 
59 
59 
50 
24 
12 
13 
109 
12  
63 
13 
58 
109 
59 
59 
F = Froude number = -. 
d 3  
g = acceleration due to gravity. 
G = total sediment discharge per unit width. 
G(x) = local sediment transport rate per unit width. 12 
H = distance from water surface to virtual horizontal bottom. 13 
2n k = wave number = -. 
L 
L = wave length. 
m,  n = constants in the assumed and observed transport relations, 
G(x) = rn [ ~ ( x ) ]  and G = m ~ " .  2 2 
p = wetted perimeter of the stream. 
pb = wetted perimeter of the bed section. 
p w = wetted perimeter of the wall section. 
P = potential energy per wave length. 
- 
P = average potential energy per unit length. 
q = discharge per unit width = Vd. 
= vectorial velocity = grad pf. 
Q = total discharge. 
r = hydraulic radius = A / ~ .  
r = bed hydraulic radius = b %/% 
r = wall hydraulic radius = Aw/pw. 
W 4 V r  R = Reynolds number = -. 
v 
S = slope of energy grade line. 
Sf = slope of flume. 
t = time. 
T = water temperature. 109 
T = kinetic energy per wave length. 
?? = average kinetic energy per unit length. 
u = horizontal perturbation velocity a t  the level of the bed. 123 
U, = shear velocity for whole channel = \Is. 58 
U*b = shear velocity for bed = dgrbS. 6 0 
V = mean velocity. 
V = velocity of antidune movement. 
a 
x = horizontal coordinate. 
y = vertical coordinate. 
elevation of water surface relative to carriage rails.  
elevation of bed relative to carriage rai ls .  
complex number = x + iy. 
unit weight of water = pg. 
form of bed profile. 
kinematic viscosity. 
form of water surface profile. 
mass  density of water. 
geometric standard deviation of the sand-size 
distribution. 
shear s t r e s s  on the boundary. 
average shear s t ress  on the entire boundary. 
velocity potential. 
velocity potential of perturbation velocities. 
stream function. 
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